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CHANGES IN PERSONNEL 

The Laboratory staff has been strengthened during 1963 
by the addition of three new members. They are as follows: 

J. R. Replogle, Research Agricultural Engineer 
D. R.  Sowell, Physical Science Aid 
M. F, Witcher, Clerk-Stenographer 

Also during 1963 there were five resignations. They are 
as follows : 

R. M. Bula, Engineering Technician 
E, J, Durban, Electrical Engineering Aid 
J, M. Hernandez, Laborer 
C, L. Jenson, Agricultural Engineer 
N. A. Johnson, Administrative Assistant 

The Laboratory staff is now essentially at full strength 
with one or two exceptions. 

iii 
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TITLE: SOIL MOISTURE CONDITIONS AND ROOT ACTIVITY DISTRIBUTION PATTERNS 

LINE PROJECT: SWC 11-gG1 CODE NO,: Ariz,-WCL-1 

INTRODUCTION: 

Essential materials are reported in the Annual Reports of 1960 

and 1961, 

TERMINAL REPORT : 

The project was terminated, Although the major objectives of 

the investigation were achieved, the information was not directly 

applicable for use by other Laboratory projects, thus further 

expenditure of time, personnel, and equipment required for such an 

undertaking was deemed unnecessary at this time. 

PERSONNEL: P. S. Nakayama, C. H, M, van Bavel 
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TITLE: DYNAMTC SIMILARITY IN ELBOW FLOW METERS 

LINE PROJECT: SWC 4-gG5 CODE NO.: Ariz.-WCL-2 

INTRODUCTION: 

Thirty-seven commercial 90-degree elbows of 3-, 6-, lo-, and 12- 

inch diameter were calibrated as flow metexs, and discharge coefficients 

were calculated from the calibration results. Theoretical discharge 

coefficients were computed from the dimensions of each elbow. The 

theoretical and calibration coefficients were then compared to 

determine if uncalibrated comercial elbows can be used as flow meters 

with reasonable accuracy. 

PROCEDURE : 

The thirty-seven elbows were calibrated as flow meters by measuring 

the flow rate and the pressure differential between two pressure taps 

located on the inside and outside bend radii at the midpoint of the 

bends, Calibration coefficients for the equation 

were calculated for each elbow using the least-squares method, where 

Q is the flow rate in cfs, C is the calibration coe.fficient, aod Ah 

is the pressure differential in feet of water, Re.ynolds numbers were 

computed for each calibration flow rate. 

Theoret.ica1 coefficients, Ct, were also calculated from dimensions 

of each elbow using Lansford 's equation 

where R is the center-line radius of curvature, D is the elbow 
C 

diameter, and A is the cross-sectional area of the elbow normal to the 

mean flow direction. These dimensions were determined by three di.f- 

ferent methods as described in "Annual Report of 1962." 

Standard deviations of C were computed for each type and size 

elbow. 

RESULTS AND DISCUSSION: 

The calibration coefficients, difference between theoretical and 

calibration coefficients, and dimensions of the elbows are presented 
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i n  Tables  1 through 4. The c a l i b r a t i o n  c o e f f i c i e n t s ,  C ,  a s  l i s t e d  

i n  Table 1, were found t o  be e s s e n t i a l l y  independent of Reynolds 
5 

numbers g r e a t e r  than  1 x 10 . A t  lower flow r a t e s  t h e  c a l i b r a t i o n  

c o e f f i c i e n t  i s  not  independent of Reynolds number and does no t  ac- 

c u r a t e l y  desc r ibe  t h e  flow r e l a t i o n  f o r  Reynolds numbers lower than 
5 

1 x 10 . (This is  equiva len t  t o  flow r a t e s  of about 0.2, 0.4, 0.6, 

and 0.8 c f s  i n  3-, 6-, lo-, and 12-inch diameter elbows, r e spec t ive ly . )  

The average c a l i b r a t i o n  c o e f f i c i e n t s  and t h e i r  s tandard  dev ia t ion  

f o r  each type and s i z e  of elbow a r e  shown i n  Table 2. Standard 

dev ia t ion  f o r  t h e  c a s t - i r o n  elbows is  p r imar i ly  t h e  r e s u l t  of non- 

uni formi ty  i n  elbows of t h e  same type  and s i z e  because of t h e  sand- 

molding process  used f o r  t h e i r  manufacture. 

Best r e s u l t s  were obta ined  wi th  t h e  e i g h t  3-inch, long r ad ius  

elbows which had a  s tandard  dev ia t ion  of 1.5 percent .  The t e n  3-inch, 

sho r t r ad ius  elbows had a  l a r g e r  s tandard  dev ia t ion  of 2.4 percent ,  

i n d i c a t i n g  t h e  s u p e r i o r i t y  of long r ad ius  elbows f o r  u se  a s  flow meters .  

Standard dev ia t ion  f o r  t h e  6-, 107, and 12-inch, s h o r t  r ad ius  elbows 

ranged from 2.2 t o  2.8 percent .  

Die-cast ,  3-inch, p l a s t i c  elbows showed cons iderable  promise 

wi th  both s h o r t - t u r n  and long-turn elbows having a  s tandard  dev ia t ion  

of only 0.8 percent  wi th  flow i n  one d i r e c t i o n ,  Deviat ion increased  

when flow was reversed but t h e  d i r e c t i o n  of flow can be s p e c i f i e d  f o r  

t h e s e  elbows because of d e f i n i t e  dimensional d i f f e r e n c e s  i n  t h e  two 

l egs  of t h e  elbows, Measurements fol lowing c a l i b r a t i o n  showed t h a t  

p re s su re  t aps  had no t  been loca ted  uniformly from elbow t o  elbow and 

t h i s  could account f o r  p a r t  of t h e  a l r eady  low devia t ion .  

Dimensions used t o  c a l c u l a t e  t h e o r e t i c a l  c o e f f i c i e n t s ,  C t ,  a r e  

l i s t e d  i n  Table 3. Considerable  v a r i a t i o n  is  shown f o r  elbows of 

t h e  same type, s ize ,and  manufacturer.  This i s  t o  be expected f o r  

unmachined sand-molded c a s t i n g s ,  Manufacturer 's  dimensions f o r  t h e  

p l a s t i c  elbows a r e  given i n  Table 4. Dimension measurements were not  

complete a t  t h e  t ime of t h i s  r e p o r t ,  but v a r i a t i o n s  should be small  

because of t h e  d i e - c a s t i n g  process  used f o r  t h e i r  manufacture. 
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Percentage differenc.es  between c a l i b r a t i o n  (C) and t h e o r e t i c a l  

c o e f f i c i e n t s  (C ) a r e  shown i n  Table 1. The l a r g e s t  d i f f e r e n c e s  
t 

occurred when manufac turer ' s  dimensions were used t o  c a l c u l a t e  C 
t '  

These gave a maximum d i f f e r e n c e  of 9.9 percent  f o r  t h e  3-inch, s h o r t  

r ad ius  ca s t - i ron  elbows which corresponds t o  t h e  10 pe.rcent e r r o r  

p red ic t ed  f o r  unca l ib ra t ed  elbows by Lansford i n  1936. Maximum d i f -  

fe rence  f o r  t h e  3.-inch, long r ad ius  elbows was 6.6 percent  u s ing  

manufac turer ' s  dimensions. Use of measured elbow dimensions reduced 

t h e s e  maximum d i f f e r e n c e s  t o  4.6 and 4.3 percent ,  r e s p e c t i v e l y ,  f o r  

t h e  s h o r t  and long r ad ius ,  3-inch c a s t - i r o n  elbows. The maximum 

d i f f e r e n c e  between C and C was reduced by about one-half by us ing  
t 

measured dimensions i n s t e a d  of manufac turer ' s  dimensions, The 

i n t e r n a l  measurement method produced s l i g h t l y  b e t t e r  va lues  of C than  
t 

t h e  volume measurement method, but e i t h e r  measuring method provided 

C which va r i ed  from C by l e s s  than  5 percent .  
t 

Measured dimensions d i d  n o t  produce b e t t e r  va lues  of C than  
t 

manufac turer ' s  dimensions f o r  t h e  6- t o  12-inch elbows, The reason 

i s  apparent  from an  examination of t h e  measured dimensions presented  

i n  Table 3. C t  v a r i e s  a s  R O * ~  and D ' * ~  so  t h a t  D i s  t h e  most c r i t i c a l  

dimension. Measured D f o r  t h e  3-inch cas t - i ron  elbows ranged from 

2.893 t o  3,017 inches,  wi th  a v a r i a t i o n  i n  D equa l l i ng  4.13 percent  of 

t h e  nominal diameter.  S imi la r  v a r i a t i o n s  f o r  t h e  6-, lo-,  and 12-inch 

elbows were only  1.25, 0.94, and 0.50 percent ,  r e spec t ive ly .  Actual,  

a s  w e l l  a s  percentage,  v a r i a t i o n  i n  D was l e s s  f o r  t h e  l a r g e r  elbows 

than  f o r  t h e  3-inch s i z e .  

SUMMARY AND CONCLUSIONS: 

Laboratory c a l i b r a t i o n  of e i g h t  3-inch diameter ,  long r ad ius ,  

ca s t - i ron ,  commercial elbows showedthat  t h e  c o e f f i c i e n t  C i n  t h e  d i s -  

charge equat ion  Q = C (Ah)Oo5 had a s tandard  dev ia t ion  of on ly  1.5 

percent .  Q i s  t h e  flow, i n  c f s ,  and Ah i s  t h e  d i f f e r e n t i a l  p ressure ,  

i n  f e e t  of water,  between t h e  i n s i d e  and o u t s i d e  of t h e  elbow. Ten 

sho r t - r ad ius  elbows of t h e  same s i z e  and type  had a s tandard  dev ia t ion  

of 2.4 percent  f o r  C,  i n d i c a t i n g  t h e  s u p e r i o r i t y  of long r ad ius  elbows 
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for use as flow meters. Standard deviation of C for thirteen 6- 

lo-, and 12-inch diameter, short radius cast-iron elbows ranged from 

2.2 to 2.8 percent, 

Laboratory calibration of six die-cast, 3-inch, plastic elbows 

showed a standard deviation in C of only 0.8 percent for both long- 

and short-turn elbows. The long-turn plastic elbow has dimensions 

comparable to the short radius cast-iron elbow. This small deviation 

was for flow in one direction only, but flow direction can be specified 

for these elbows because of definite dimensional differences in the 

two legs of the elbows, 

Theoretical coefficients C were computed for the elbow discharge 
t 

equation 9 = C (~l,h)O*~ from actual elbow dimensions and were compared to 

the calibration coefficient C obtained from flow measurements, Use of 

manufacturer's dimensions for calculating C resulted in a maximum 
t 

error of 9.9 percent for the 3-inch, short radius, cast-iron elbow. Use 

of measured dimensions for the same elbows reduced the maximum error to 

4.6 percent. Measured dimensions did not produce better values of C 
t 

than manufacturer 's dimensions for the 6- to 12-inch elbows. Elbow 

diameter, D, is the most critical dimension since C varies directly 
t 

with D"~. Actual variation of D was less for the larger elbows than 

for the 3-inch elbows. Percentage variation in D was only 0.5 for the 

12-inch elbows as compared to 4.1 for the 3-inch elbows. 

These studies indicate that discharge coefficients obtained from 

laboratory calibration can be used with properly installed uncalibrated 

long radius, 3-inch diameter, cast-iron elbows to measure flow with an 

error of only 1.5 percent standard deviation. Similar measurement error 

for short radius cast-iron elbows of 3-, 6-, lo-, and 12-inch diameter 

would have a standard deviation ranging from 2.2 to 2.8 percent. Most 

of this deviation results from nonuniformity of the cast-iron elbows 

which are manufactured by a sand-molding process. Plastic elbows, which 

are die-cast, are quite uniform. Uncalibrated 3-inch diameter plastic 

elbows appear capable of measuring flow with a standard deviation of less 

than 1 percent, 

PERSONHEL: L. E. Myers, K. J. Brust, J. A. Replogle 
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Table 1. Calibration coefficients, C, and percent difference, A, of theoretical coefficients, 
from C for thirty-seven commercial. 90-degree elbows. Ct 

Elbow type Diam. No. c 9 A_&' 4 4, 

' ASA class 125, flanged, 3 1 0,329 6.4 -0.9 -0.3 
cast iron (short radius) 0.327 7.2 -0.3 0.4 

2 0.331 507 -1.2 

0.324 7.9 -2.5 -1.8 
ASA class 125, flanged, 6 20 1.138 5.6 4.0 4.5 
cast iron (short radius) 1.170 2.7 1.1 1.6 

2 1 1,201 0.1 -1.4 -0.2 

1.205 -002 -2.1 -1.7 
I/ Second value for each elbow number is for elbow in reversed position. - 
2/ Subscripts refer to method of determining diianensions used to calculate C manufacturing - 

specifications, s, internal measurements, i, and volume measurements, v. 
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Table I. Continued, 

Elbow type Diam, No. C - A 11 
v 

i n  f t 5 /2  secml % % % 

ASA c lass  125, flanged, 10 30 3.048 -1,6 -3.1 -3.6 
cas t  i r on  (short  radius) 3.048 -1.6 -3 , l  -3.6 

3 1 3.176 -5.5 -2.6 -1.6 
3.070 -2.3 0.8 1.8 

32 3.175 -5.5 -2.8 -2,8 

3,034 -1.1 -1,4 -1.2 
ASA c lass  125, flanged, 12 40 4.205 0.2 -3.4 -3.7 

h3 cast  i r on  (short  radius) 4.331 -2.7 -6.2 -6.5 
1 cn 41  4.238 -0.6 -2.0 -2.2 

4.198 0.4 -1.1 - 1.2 
42 3,969 6.2 2.3 2.3 

4.282 -1.6 -5.2 -5.2 
43  4,217 -0.1 -1.3 - 1,4 

4.186 0.7 -0.5 -0.7 
ASA c lass  125, flanged, 3 5 0.410 3.7 - 1.5 -0.7 
cas t  i ron  (long radius) 0.407 4 ,4 -0.7 0.0 

6 0,407 4.4 -1.0 0.2 

0.409 3.9 0.7 1.2 
1/ Second value fo r  each elbow number i s  f o r  elbow i n  reversed posit ion.  - 
2/ Subscripts r e f e r  to  method of determining dimensions used t o  calcula te  C manufacturing - 

specif icat ions ,  s ,  i n t e rna l  measurements, i, and volume measurements, v. 
t' 
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Table 1. Continued. 
-- - - - -- -- -- - 

Elbow type Diam. No, 
11 G - %. A 

v - 
i n  ft5/2 sec-I  % % % 

ASA c l a s  125, flanged, 
cas t  i ron  (long radius)  

0,406 4.7 -2.2 -1.2 
Type 1, Bored end, ABS 3 0,346 -5.8 Pl 
p l a s t i c  (long turn) 0.336 -3,O 

p, 0.340 - 4 , l  

3 0.333 -2.1 
Type 1, bored end, ABS 3 0.300 -6.3 P4 p l a s t i c  (short  turn) 0.306 -8.2 

PC 0,297 -5,4 

0 
- 0,299 - -6.0 

1/ Second value f o r  each elbow number is  f o r  e l  ow i n  reversed posi t ion .  - 
21 Subscripts  r e f e r  t o  method of determining dimensions used t o  ca lcu la te  C manufacturing - 

spec i f i ca t ions ,  s ,  i n t e r n a l  measurements, i, and volume measurements, v. 
t ) 

Annual Report of the U.S. Water Conservation Laboratory



Table 2, Average c a l i b r a t i o n  coef f i c ien t s  and standard devia t ions  

f o r  37 commercial 90-degree elbows, 

Elbow type Nominal Number of Average Standard 
diam. elbows c a l i b r a t i o n  devia t ion 

ca l ib ra ted  c o e f f i c i e n t  (C) 

ASA c l a s s  125, 3 10 0,329 
flanged c a s t  i r o n  
(short  radius)  6 4 1.178 

(Long radius)  3 8 0.407 1.5 

Type I, bored end 3 3 0.300 (flow normal) 0.8 
ABS p l a s t i c  0.300 (flow reversed) 1.9 
(short  turn) 

/ 

(long turn) 3 3 9e304(f;bswnormal) i e l  
6,333 (flow r sresd) 0,8 
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1 / Table 3, Measured and c a l c u l a t e d  dimensions f o r  31 c o m e r c i a l ,  90-degree, f langed,  c a s t  i ron ,  elbows,- 

Elbow Face Tangent l eng th  Vol. a c e  t o  -- Calcula ted  r a d i u s  of cu rva tu re  
No, diamo I n n e r  bend Outer bend 

c e n t e r  2 / 
Rcs'-- R c i  R cv  ' 

'3 

2.893 0.80 1.20 5.55 
2 2.905 Not a v a i l a b l e  5.51 4  3 / 4  

- 
5.908 0.41 1.55 8,12 

1/ See '!Annual Report,  1962'' f o r  explana t ion  of dimensions r e f e r r e d  t o  i n  t h i s  t a b l e .  - 
2 /  Subsc r ip t s  r e f e r  t o  method of determining dimensions used t o  c a l c u l a t e  RcJ manufactur ing - 

s p e c i f i c a t i o n s ,  s, i n t e r n a l  measurements, i, and volume measurements, v. 
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Tab le  3. Continued, 

Elbow Face  Tangent l e n g t h  Vol. Face  t o  Ca l cu l a t ed  r a d i u s  of cu rva tu re  
No. diam. c e n t e r  I n n e r  bend Outer  bend 2 1 

Rc s- 'c i 
R 

cv  .-, 

3.013 1.37 1 ,28  7.76 
1/ See ''Annual Report ,  1962" f o r  exp l ana t i on  of dimensions r e f e r r e d  t o  i n  t h i s  t a b l e ,  - 
2 /  S u b s c r i p t s  r e f e r  t o  method of de te rmin ing  dimensions used t o  c a l c u l a t e  Re, manufactur ing - 

s p e c i f i c a t i o n s ,  s ,  i n t e r n a l  measurements, i, and volume measurements, v .  
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Table 3. Continued. 

Elbow Face Tangent lenv,th Vol. Face t o  Calcula ted  r a i s  of curva ture  
No. diam, cen te r  Inne r  bend Outer bend 2 1 

s- R c i  
R 

cv -- 
'1 

---- 2.983 1,70 1,78 7.85 
16 2.987 1-50 1.59 91,73 7 -78 7 _+ 1/16 6.18 6 ,31  

- .-- 2.986 1,66 1.59 7.77 
l /  See "Annual Report,  1962'' f o r  explana t ion  of dimensions r e f e r r e d  t o  i n  t h i s  t a b l e .  -- 
2 1  Subsc r ip t s  r e f e r  t o  method of determining dimensions used t o  c a l c u l a t e  R manufacturing 

N "- c .' 
I s p e c i f i c a t i o n s ,  s, i n t e r n a l  measurements, i, and volume measurements, v ,  
P 
I-J 

Table 4. Manufacturing dimension s p e c i f i c a t i o n s  and c a l c u l a t e d  r a d i u s  of cu rva tu re  f o r  commercial, 
90-degree, bored end, ABS p l a s t i c  elbows. 

Elbow type  Diameter Tangent Face t o  Radius of 
l eng th  c e n t e r  curva Cur e 

i n  i n  i n  i n  

Long t u r n  3,068 1.716 5.562 3,85 

Shor t  t u r n  3,068 1.716 4,562 2.85 
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TITLE: SOIL MOISTURE POTENTIALS AND WATER UPTAKE BY ROOTS 

LINE PROJECT: SWC 11-gG1 CODE NO.: AP~z,- 

INTRODUCTION: 

The objectives, theory and techniques, and methods of analysis 

in this phase of the study have been discussed in the Annual Reports 

of 1960, 1961, and 1962, 

I. DIFFUSION STUDIES WI!EH TRI'SHATED WATER. 

PROCEDURE : I 

Simultaneous diffusion of THO and H20 in relatively dry soils 

was determined, Three Adelanto soil columm, 40 cm long and sealed 

with vacuum wax, were placed in an exposure chamber in which air 

passing through a saturated K2S04 solution and also containing THO 

(1 pc ml-l) was recirculated past the open end of the columns. (See 

Figure 1 WCL-31 f~r~experimental set-up.) The equipment was placed 

in an insulating chamber of styrofoam. The room temperature was 

maintained at 26 _f 1 C. The soil materials were exposed to the THO 

solution for 14 days. New solution was used every two days to main- 

tain a constant THO concentration, 

After the predetermined exposure periods, the soil columns were 

removed and cut into 1-cm sections, One column was analyzed for H 0 2 
distribution, and another column was analyzed for THO distribution, 

In the third column, alternate 1-cm sections were used for analysis 

of THO and H20. Since the volume of THO that could be extracted was 

too small for analysis, 0.5 ml of H20 was added to the soil sample 

and the water extracted from it. The H 0 content was determined 2 
gravimetrically by drying at 105 C and the THO analyzed by liquid 

scintillation technique. The distributions of THO and H20 in the 

column were plotted, and the diffusion coefficients D and D THO 0 
determined graphically and by the use of the relation 
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where t is the exposure time, 8 .  is the initial water content, and 
1 

8 is the water content at a distance x, 

RESULTS AND DISCUSSION: 

The diffusion coefficients of H20 and THO at different water 

contents are compared in Figure 1. The diffusion coefficient of 

H,O is consistantly, but not proportionally, higher than that of 
L -5 2 -1 
THO. A maximum D value of 4 x 10 cm sec was obtained at a 

fractional water content of approximately 0.02 for H 0 and 2 X 10 -5 

2 2 
cm sec-I at about 0.03 for THO. If the differences in D's were 

strictly due to an isotope effect, it would be expected to be 

proportional. Furthermore, the magnitude of the difference is very 

much larger than that predictable from the difference in the diffusive 

masses of THO and H20. The lower DTHO values are apparently due to - 
the exchange of the diffusing THO molecules with the H 0 adsorbed on 

2 
the soil particle surfaces. 

SUMMARY AND CONCLUSION: 

The simultaneous diffusion of THO and H 0 in relatively dry 2 
Adelanto soils were measured, The diffusion coefficients of THO and 

H 0 were different, that of H 0 being consistently, but not pro- 2 2 
portionally, higher than that of THO at all water contents. A maximum 

2 - 1 
D value of 4 x 10'~ cm sec was measured at 2 percent water content 

2 -1 for H20 and 2 x lom5 cm sec at about 3.0 for THO. The differences 

are ascribed primarily to the exchange of the THO tracer molecule 

with the adsorbed H 0 molecule present on the soil surface. 
2 

The results reported here plus those presented in the 1962 

Annual Report where it was reported that the THO vapor diffusion 

process was such that quantitative measurements of water absorption 

by roots using tagged water cannot be made in a plant-soil-water 

system led to the termination of this project. 

PERSONNEL: F. S. Nakayama, R. D, Jackson, C. H. M. van Bavel 

Annual Report of the U.S. Water Conservation Laboratory



U.S. Water Conservation Laboratory, 
Tempe ,Arizona 

Figure 1, Diffusion coef f i c ien t s  of THO ant d ET 0 i n  Adelanto s o i l  
ji12 

a t  l o w  w a t e r  contents. 
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TITLE: CALIBRATION AND EVALUATION OF NET RADIOMETERS 

LINE PROJECT: SWC 4-gG2 . CODE NO.: Ark,-WCL-6 

INTRODUCTION: 

During the past two years attempts have been made to measure 

the temperature of a surface radiometrically by placing an adapter 

on a miniature net radiometer. The adapter consists of a hemi- 

spherically shaped dome which may be attached to either side of the 

net radiometer. By knowing the temperature of the dome and the 

output of the transducer, and assuming that the dome and the surface 

of the transducer are in radiation equilibrium, total hemispherical 

radiation, and consequently the surface temperature, may be calcu- 

lated. 

The first attempt at measuring surface temperature was made 

using a modified version of the radiometer described in (1). The 

modification consisted of a transducer having an output in excess 

of 1.5 mv lyw1 min. This transducer was constructed by winding 

4-mil constantan wire on 1/16 x 3/8 x 314 inch glass plates. Half 

of the coil was overplated with copper so that the copper-constantan 

junctions are on the 318 $4 314 inch surfaces. Two coils were 

connected in series and cast in epoxy to form a transducer, 

approximately 1-114 inches in diameter and 1/16 inch thick. The 

attempts to measure surface temperature with the adapter on the 

modified net radiometer failed due to internal reflection; that is, 

radiant energy passing around the sides of the transducer and 

reflecting internally off the dome and the transducer surface. To 

overcome this the two windings were cast in epoxy so that the 

diameter of the transducer was the same as the diameter of the 

mounting rings, 2.365 inches, and 1/16 inch thick. The transducer 

surfaces were painted black with a small white stripe to equalize 

long- and short-wave radiation absorption. 

The second attempt at meaquring temperatures was more successful 

than the first; however, it still was found to be lacking in that 

the temperature measured radiometrically was quite close to that 

measured with thermocouples at night when the temperatures were not 
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very l a rge ;  however, during the  daytime these  two methods of temperature 

measurements d isagreed  cons iderably  when the  temperature i n  ques t ion  

was approximately 80C. The reasons f o r  t h i s  disagreement were thought 

t o  be  due t o  p a r t i a l  abso rp t ion  of t he  long-wave r a d i a t i o n  by the  

polys tyrene  domes, unequal absorp t ion  of r a d i a n t  energy by t h e  black 

p a i n t ,  recording s e n s i t i v i t y ,  and a temperature c o e f f i c i e n t  of the  

t ransducer .  Therefore,  an  improved radiometer was designed which 

would reduce these  sources of e r r o r ,  and a l s o ,  optomize a + 5-mv 

record ing  range by having both  t h e  recording accuracy and the  
- 1 s e n s i t i v i t y  equ iva l en t  t o  0.003 l y  min . The cons t ruc t ion  and 

c a l i b r a t i o n  of the  improved minia ture  n e t  radiometer  i s  t o  be d i s -  

cussed i n  d e t a i l .  

Cons t ruc t ion .  The exploded view of t h e  compensated n e t  radiometer 

i s  shown i n  F igure  1. The assembly of t h i s  n e t  radiometer  is  q u i t e  

simple. A l l  t h a t  i s  requi red  i s  two hemispher ica l ly  shaped poly- 

e thylene  r a d i a t i o n a l  windows, one on e i t h e r  s i d e  of t h e  t ransducer ,  

and two b r a s s  clamping r i n g s .  The lead wire  i s  threaded through t h e  

stem on b r a s s  r i n g  (A) and fas tened  i n t o  a 2-conductor cable- type 

connector .  The connector  is  made waterproof by s e a l i n g  the  s h e l l  

on to  the  stem and us ing  a smal l  O-ring between t h e  connectors .  

The t ransducer  i s  cons t ruc t ed  by winding a 22-junct ion manganin- 

constantan thermopile around an epoxy bobbin, 0.125 x 0.5  x 1 . 0  inches.  

This  bobbin and a 10,000-ohm the rmis to r  a r e  then po t t ed  i n  epoxy t o  

form a t ransducer  2.365 inches i n  diameter and 0.125 inches th i ck .  

The windings of t he  t ransducer  a r e  i n su la t ed  by cementing a t h i n  

s h e e t  of mica t o  e i t h e r  s i d e ;  then 6-mil copper shee t s ,  1 . 5  inches 

i n  diameter,  a r e  symmetr ical ly  cemented onto each s u r f a c e  of the  

t ransducer .  Both su r f aces  a r e  pa in ted  wi th  Parson ' s  o p t i c a l  black 

p a i n t .  The t h r e e  lead  wires  a r e  threaded through the  stem of b r a s s  

r i n g  ( A ) ,  Figure  1, and so ldered  t o  a 1000-ohm microminiature t r i m  

po t ,  which is  used a s  a vo l t age  d i v i d e r .  The c i r c u i t r y  involved i s  

s h o d  i n  F igure  2. 

Manganin and cons tan tan  was used t o  cons t ruc t  t he  t ransducer  

because both  manganin and cons tan tan  have approximately the  same 
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thermal conduct iv i ty  of 0.052. The thermal conduc t iv i ty  of bo th  a r e  

very much lower than t h a t  of copper, which i s  approximately 0.92, 

The r e s i s t a n c e  of copper changes over t he  range of use ,  while  t he  r e s i s t -  

ance of manganin and cons tan tan  a r e  p r a c t i c a l l y  cons t an t .  The 

thermal EMF of manganin-constantan i s  very s i m i l a r  t o  t h a t  of copper 
0 -1 0 -1 

constantan,  i nc reas ing  from 38 yv C a t  OC t o  45 yv C a t  70C. 

The thermis tor  and vol tage-d iv id ing  c i r c u i t  were used t o  compensate 

the  temperature c o e f f i c i e n t  of t he  n e t  radiometer .  The micro- 

minia ture  t r i m  po t  does no t  have a  temperature c o e f f i c i e n t ;  however, 

c a r e  must be taken t o  avoid thermal EMF'S a r i s i n g  from so lde r ing  

the  t ransducer  copper lead  wires  t o  the gold-p la ted  c i r c u i t  p ins  of 

t he  t r i m  po t .  The copper shee t s  were cemented t o  each s i d e  of t h e  

t ransducer  t o  i nc rease  the  e l e c t r i c a l  output  of t he  t ransducer .  

Parson ' s  o p t i c a l  b lack  lacquer  was used t o  coa t  the  t ransducer  

su r f aces  because of i t s  uniform absorp t ion  p r o p e r t i e s  throughout 

t he  wavelengths of s o l a r  and t e r r e s t r i a l  r a d i a t i o n ,  Parson ' s  

o p t i c a l  b lack  lacquer  has  an absorp t ion  f a c t o r  of 0.985 i n  t he  

v i s i b l e ,  varying from 0.980 t o  0.985 i n  t h e  i n f r a r e d  i n  long-wave 

r a d i a t i o n .  The r a d i a t i o n a l  windows were cons t ruc ted  of 6-mil 

polyethylene, which i s  approximately 2-mil t h i c k  when the  hemi- 

s p h e r i c a l  r a d i a t i o n  window i s  formed. Polyethylene was used because 

i t  has l e s s  absorp t ion  bands i n  t h e  region of long-wave r a d i a t i o n ,  

and the  average t ransmiss ion  i s  more uniform throughout t he  reg ion  

of s o l a r  and t e r r e s t r i a l  r a d i a t i o n .  

Method of c a l i b r a t i o n .  The compensated n e t  radiometer was 

c a l i b r a t e d  i n  t h e  c a l i b r a t i o n  chamber descr ibed  i n  ( 1 ) .  The method 

of c a l i b r a t i o n  was s l i g h t l y  modified i n  t h a t  t h e  t h r e e  g l a s s  

f i l t e r s  were removed and one Pyrex g l a s s  d i f f u s e r  was used t o  cover 

t he  a p e r t u r e  on t h e  upper b r a s s  p l a t e .  During c a l i b r a t i o n  the  n e t  

radiometer was supported i n  t he  middle of the  c a l i b r a t i o n  chamber 

by a  1/8- inch t h i c k  s h e e t  of aluminum, pa in ted  b l ack .  Thus, the  

bottom h a l f  of t he  n e t  radiometer  would be subjec ted  t o  long-wave 

r a d i a t i o n  from t h e  wa l l s  of t he  c a l i b r a t i o n  chamber, while  t he  top  

h a l f  of the n e t  radiometer  was subjec ted  t o  t he  long-wave r a d i a t i o n  
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from the  wa l l s  of t he  upper h a l f  of t he  c a l i b r a t i o n  chamber, p lus  t h e  

short-wave r a d i a t i o n  from the  tungs ten  l i g h t  source.  The temperatures 

of t he  wal l s  of t h e  c a l i b r a t i o n  chamber were measured and the  long-wave 

f l u x  c a l c u l a t e d .  A f t e r  t he  temperature of t he  n e t  radiometer  t r a n s -  

ducer  had reached equi l ibr ium,  t h r e e  t ransducer  ou tpu t s  were measured. 

They cons i s t ed  of the  raw output ,  t he  d iv ided  s i g n a l ,  and the  d iv ided  

compensated s i g n a l .  The n e t  radiometer  and aluminum shee t  were then 

removed and rep laced  by an Eppley pyrhel iometer ,  model 15. The s h o r t -  

wave r a d i a t i o n  from the  bulb  was measured by the  Eppley pyrhel iometer .  

The wa l l s  of t he  c a l i b r a t i n g  chamber were c o n t r o l l e d  by pumping water  

of var ious  temperatures  through t h e  wa l l s .  The r a d i a t i o n a l  i n t e n s i t y  

of the  l i g h t  source was c o n t r o l l e d  and va r i ed  by r egu la t ing  t h e  l i n e  

vol tage  and then  t ransforming the  l i n e  vo l t age  from 90 v o l t s  t o  

160 v o l t s .  

RESULTS AND DISCUSSION: 

The sum of t h e  short-wave f l u x  a s  measured by t h e  Eppley p y r h e l i -  

ometer and the  long-wave f l u x  ca l cu la t ed  from the  wa l l  temperatures  

was p l o t t e d  versus  the  output  of t he  n e t  radiometer  f o r  va r ious  

t ransducer  temperatures .  The r e s u l t s  obtained a r e  shown i n  F igure  3, 

along wi th  the  compensated d iv ided  s i g n a l .  It i s  q u i t e  apparent  

from these  d a t a  t h a t  t he  t ransducer  has  an apprec i ab le  temperature 

c o e f f i c i e n t  a t  t he  g r e a t e r  r a d i a t i o n a l  f l uxes ,  t he  temperature of 

t he  t ransducer  being: very c l o s e l y  r e l a t e d  t o  t he  wa l l  temperature 

of the  c a l i b r a t i o n  chamber. By t h a t  I mean the  t ransducer  temperature 

of 28C a t  1 .05 l y  min-' was obtained when the  wa l l  temperatures 

were a t  9C and the  60C t ransducer  temperature was obtained when t h e  

wa l l  temperatures were a t  47C. Thus, t he  t ransducer  temperature was 

19C and 13C g r e a t e r  than  the  wa l l  temperature,  r e spec t ive ly .  

The temperature c o e f f i c i e n t  of t he  t ransducer  is  more c l e a r l y  

depdcted i n  F igure  4. The d iv ided  t ransducer  s i g n a l s  were converted 
- 1 

toS.mv l y  min and p l o t t e d  versus  t he  t ransducer  temperature,  along 

wi th  the  d iv ided  compensated s i g n a l s ,  The r e l a t i o n s h i p  between t h e  

divided s i g n a l  and temperature f o r  the  var ious  r a d i a t i o n a l  f l u x  

i n d i c a t e s  a f a i r l y  l i n e a r  r e l a t i o n s h i p  between f l u x  and output  a t  
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a given temperature,  The temperature c o e f f i c i e n t  of t h e  d iv ided  

s i g n a l  amounts t o  6.6 percent  from 28C t o  65C, which i s  the  temperature 

range of i n t e r e s t  i n  t he  Phoenix a r e a .  This means t h a t  i f  t h e  t r a n s -  

ducer was c a l i b r a t e d  a t  25C, t he  t ransducer  temperature would be 

approximately 47C. A 3 percent  e r r o r  would be ev ident  i f  t h i s  t r a n s -  
- 1 

ducer was subjec ted  t o  r a d i a n t  i n t e n s i t y  of 1 l y  min a t  an ambient 

temperature of 47C and a -3 percent  i f  t h e  t ransducer  was subjec ted  
- 1 

t o  a r a d i a n t  i n t e n s i t y  of 1 l y  min a t  an ambient temperature of 9C. 

An a d d i t i o n a l  e r r o r  would be involved a s  t he  r a d i a t i o n  i n t e n s i t y  

changes throughout t he  day, This e r r o r  i s  d i f f i c u l t  t o  eva lua t e  

o t h e r  than by d i r e c t  comparisons of t h e  compensated and uncompensated 

n e t  radiometers  under f i e l d  condi t ions .  

The temperature c o e f f i c i e n t  of t he  t ransducer  i s  due t o  the  

increas ing  thermal EMF per  degree, which i s  p a r t i a l l y  o f f s e t  by t h e  

decreas ing  temperature requi red  per  u n i t  of n e t  r a d i a t i o n a l  f l u x  as 

the  temperature i nc reases .  Thus, t he  temperature c o e f f i c i e n t  f o r  a 

given c a l i b r a t i o n  cons tan t  would inc rease  with the  number of junc t ions  

i n  t he  thermal t ransducer .  A s i m i l a r  c a l i b r a t i o n  cons t an t  could be 

obtained wi th  l e s s  junc t ions ;  however, the  bobbin would have t o  be 

th i cke r ,  o r  a b e t t e r  i n s u l a t i n g  m a t e r i a l  used f o r  t he  bobbin. 

J .  P. Funk (2) s t a t e d  t h a t  t he  h e a t  t r a n s f e r  through the  top  hemi- 

sphere can be g r e a t e r  than t h a t  through t h e  bottom hemisphere i f  t h e  

temperature g r a d i e n t  ac ros s  t h e  t ransducer  i s  l a r g e .  I n  o rde r  t o  

main ta in  a h igh  output  and reduce t h i s  e r r o r  due t o  convect ive h e a t  

t r a n s f e r  i n  t he  air  spaces of t he  hemispherical  r a d i a t i o n  windows, 

Funk placed an aluminum h e a t  s ink  through t h e  c e n t e r  of t h e  t r a n s -  

ducer .  

Therefore,  f o r  a d e s i r e d  output ,  a compromise must be reached 

between the  temperature c o e f f i c i e n t  due t o  number of thermocouple 

junc t ions  and the  p o s s i b l e  convect ive hea t  t r a n s f e r  e r r o r  due t o  t h e  

temperature g r a d i e n t  ac ros s  t h e  t ransducer .  It was found t h a t  the  

t ransducers  descr ibed  i n  t h e  in t roduc t ion  had a temperature c o e f f i c i e n t  

of 0.07 percent  per  degree dev ia t ion  above an ambient temperature of 

20C. When the  ambient temperature was a t  40C and t h e  n e t  r a d i a t i o n  
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- 1 was at 1 ly min , the temperature coefficient was equivalent to 
1.4 percent, or 0.14 ly min-l, which amounted to a radiational error 

of 14 percent. This transducer had 140 junctions and was wound on 

1116-inch glass, which had a very small temperature gradient across 

the transducer. This temperature coefficient is considerably larger 

than that of the manganin-constantan transducer having 22-junction 

thermopile. The use of a voltage-dividing circuit and a thermistor 

compensator practically eliminates the temperature coefficient over 

the range of interest in the Phoenix area. A different compensating 

circuit would have to be used for different ambient temperature 

ranges. 

As of this writing, no attempt has been made to measure surface 

temperatures radiometrically with the compensated net radiometer. 

SUMMARY : 

During the past year attempts have been made to measure the 

temperature of a surface radiometrically by placing an adapter on a 

miniature net radiometer, The results of these attempts indicated 

that the net radiometers currently being used were not sufficiently 

accurate for this purpose. Possible sources of inaccuracy were 

thought to be due to the long-wave radiation absorption bands of the 

polystyrene domes, unequal absorption of radiant energy by the , 
black paint, recording sensitivity, and the temperature coefficient 

of the transducer. Therefore, an improved net radiometer was 

designed which would reduce these sources of error and also optimize 

a + 5-mv recording range by having both the recording accuracy and 
- 1 

sensitivity equivalent to 0.003 ly min . 
The improved net radiometer consists of five basic parts: a 

transducer, two clamping rings, and two polyethylene radiational 

windows. The transducer contains a 22-junction manganin-constantan 

thermopile and a thermistor which is used for temperature compensation. 

The temperature compensation is obtained by connecting the thermistor 

in parallel with the 900-ohm portio~ of a 1000-ohm voltage-dividing 

circuit. Preliminary results indicated that the noncompensated 
- 1 

transducer had an error of 6 percent at 1 ly min over the range 
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of 96 to 47C ambient. The compensator practically eliminated this 

error over the range of 20C to 47C ambient, which is a range of primary 

interest in the Phoenix area. However, an error of 1.6 percent 

exists from 9C to 20C. A different voltage-dividing system could be 

used to reduce the error at lower temperatures. 

The temperature coefficients of shielded net radiometers have 

been overlooked in the past. This particular design with compensation 

appears to be of superior design to any shielded net radiometer in 

existence. 
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Figure 2. Circuitry of the compensated net radiometer. 
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Figure 3. The relationship between flux and output at various transducer temperatures for a 

compensated and noncompensated net radiometer. 
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TITLE:: SOIL TREATMEm TO REDUCE IFZILlCRATXON ANZ) INCREASE PRECIPITATIOW 

RUNOFF 

LINE PROJECT: SWC 4-gG3 CODE NO. : Ar i z , -WCL-7 

INTRODUCTION : 

Recent laboratory studies have been concerned with investigations 

of materials which can be sprayed on the soil surface to create a 

reasonably strorgpavement. These studies have shown that several 

asphaltic materials can be used for this purpose. Also the use of 

thin plastic films bonded to the soil is now being investigated, 

The cooperative field program with the Bljreau of Tndian Affairs 

has progressed favorably during the past year with the installation 

of three new experimental operational water harvesting structures, 

This now gives a total of five cooperative water hqrvesting catch- 

ments on the Indian reservations in Arizona, 

PROCEDURES : 

Procedures were the same as outlined in the 1962 Annual Report 

with the following additiops: 

The bearing strength obtained from soil stabilizing compounds 

was measured in 37,8 cm x 12.1 cm x 5.1 cm soil trays constructed 
from 1,27 cm plywood, The soil was air dried and mixed with a suf- 

ficient quantity of water to obtain a moisture content of 10 percent 

by weight, The wetted soil was compacted Snto the trays in four 

increments of 700 grams each by dropping a 4,l kg weight a distance 

of 61 cm 6 times on the center of a 37,5 cm x 11.1 cm x 1,9 cm 
plywood board reinforced to distribute the impact evenly. After 

compaction, the soil was dried for 48 hours in either a 50 C oven or 

air dried in the greenhouse as required. Tregfments were sprayed on 

the dried soil surface, with the actual rate of application determined 

by weighing the trays before and after spraying, and the soil was 

dried for the specified number of days. The soil bearing strength 
2 

was then detemined by placing a 6,45 cm compression foot on the 

treated soil surface and measuring with a dynamometer the force re- 

quired to push the foot 0,635 cm into the soil at a traverse speed 

of 0.635 cm per minute. The soil bearing strength in each tray was 

Annual Report of the U.S. Water Conservation Laboratory



measured a t  t h r e e  loca t ions  along t h e  cen te r  l i n e  of t h e  box with 

dynamometer readings  taken a t  5-second i n t e r v a l s  up t o  60 seconds, 

equiva len t  t o  0.635 cm p e n e t r a t i o n  of t h e  foo t .  

The shear  s t r e n g t h  of compounds f o r  bonding l ap  j o i n t s  i n  p l a s t i c  

and aluminum s h e e t s  was eva lua ted  i n  a  t e s t i n g  machine, Five-cm l a p  

j o i n t s  were formed by spraying t h e  ends of 10.2 x 60 cm s t r i p s  of t h e  

shee t  m a t e r i a l  and p re s s ing  t h e  end of a  second s t r i p  onto t h e  com- 

pound about 2  minutes a f t e r  spraying.  Af t e r  cur ing  f o r  t h e  s p e c i f i e d  

length  of time, t h e  s t r e n g t h  of t h e  l ap  j o i n t  was measured by p u l l i n g  

t h e  j o i n t  t o  f a i l u r e  i n  shear  i n  t h e  t e s t i n g  machine a t  a  t r a v e r s e  

speed of 2.54 cm per  minute and record ing  t h e  f o r c e  on a  c h a r t  recorder .  

E f f e c t i v e  p e n e t r a t i o n  of water r e p e l l e n t s  i n t o  s o i l s  was eva lua ted  

i n  6.95 cm diameter i n f i l t r a t i o n  cy l inde r s .  The s o i l s  were blended t o  

a  15 percent  mois ture  content  and compacted i n t o  t h e  cy l inde r s  i n  

8 s e p a r a t e  90-gram increments by dropping a  250-gram weight 6  t imes, 

a  d i s t a n c e  of 20 cm f o r  each increment. The s o i l  was then  d r i e d  f o r  

24 hours i n  a  50 C oven. Af te r  drying,  t h e  cy l inde r s  were t r e a t e d  

and a g a i n  d r i e d  f o r  48 hours i n  a  50 C oven. The e f f e c t i v e  depth of 

p e n e t r a t i o n  was determined by removing succes s ive  1.5 rnm l aye r s  of 

s o i l  and checking the  water  r epe l l ency  of t h e  exposed s o i l  s u r f a c e  

wi th  drops of water .  
2  

Runoff from t h e  232.5 m p l o t s  a t  Gran i t e  Reef i s  c o l l e c t e d  i n  

5300- l i t e r  s t e e l  tanks bur ied  a t  t h e  lower edge of each p l o t .  Runoff 

from t h e  small  watersheds i s  c o l l e c t e d  i n  b u t y l  l i n e d  r e s e r v o i r s ,  

Af t e r  every r a i n  t h e  water  c o l l e c t e d  i n  t h e  tanks  o r  r e s e r v o i r s  i s  

pumped through a  p o s i t i v e  displacement type  water meter  c a l i b r a t e d  i n  

m e t r i c  u n i t s .  This  procedure e l imina te s  t h e  e r r o r s  which were occur- 

r i n g  when t h e  smal l  water  meters  on t h e  previous measuring systems 

were stopped by f i n e  s i l t .  The new system was i n s t a l l e d  on 23 A p r i l  

1963. Resu l t s  ob ta ined  from t h e  p l o t s  before  t h i s  d a t e  r ep re sen t  

minimum values ,  

RESULTS AND DISCUSSION: 

S o i l  s t a b i l i z a t i o n .  The s o i l  s t a b i l i z a t i o n  s t u d i e s  were concerned 

wi th  t h e  r e l a t i v e  e f f e c t  of a s p h a l t  type, s o i l  type, a p p l i c a t i o n  r a t e  
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and curing time on the resulting soil bearing strength. Treatment 

and measurement data are presente'd in Table 1. Quantities of asphalt 

shown are in terms of actual asphalt. Asphalt materials used were a 

standard MC-70 cut-back, a low-viscosity cut-back available commercially 

as "Peneprime," and a cationic aspkalt emulsion modified to obtain 
2 

penetration into soil. Maximum beari~g st.rength in kg/cm obtained on 

loamy sand soil was: Peneprime - 60.2, MC-70 - 30,0, and modified 
S-1 - 19,7, untreated - 15,8. Treated and untreated strength of the 

sandy loam soil was considerably higher than the loamy sand. Higher 

application rates did not uniformly increase beariag strength. 

Asphalt in excess of the optimum rate reduces strength by acting as 

a lubricant, As would be expected, higher application rates generally 

required longer curing time to produce significant increases in 

strength. 

These tests showed that it is possible to spray standard asphalt 

cut-backs on the soil to produce pavement with a beariag strength of 

40 to 60 kg/cm2 (500 to 800 psi). It should be poicted out that high 

bearing strength, although desirable, is not the only important factor 

in soil stabilization. Weathering characteristics, ductility and 

resistance to wetting are also of major importance and must be evalu- 

ated before final conclusions may be reached. 

Soils stabilized with penetrating asphalts were still slightly 

porous and the application of a sealcoat was necessary, Testing 
0 
L 

machine measurements on soil trays showed that the 50-55 kg/cm 
2 

bearing strength of cured basecoats was reduced to 40-45 kg/cm by 

the application of both cationic and anionic emulsion sealcoats, 

Sealcoats were applied at a rate of 0.490 kg actual asphalt per square 

meter and had cured for two wee.ks at the time of measurement. This 

reduction in bearing strength results from the application of ad- 

ditional asphalt which acts as a lubricant. 

Preliminary bearing strength measurements were made on soils 

treated with a sprayable resin (S-2). The resin was applied t.o the 

soil surface at rates of 0,98 and 1,96 kg per sqaare meter, After 

30 days of curing in a greenhouse the resin produced maximum be.aring 
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2 s t r e n g t h s  of 31 kg/cm2 on a  loamy sand s o i l  and 46 kglcm on a  sandy 

loam s o i l .  Trea ted  s o i l  was p l a s t i c  and appeared capable  of r ehea l ing  

a f  t e r  damage. 

Lap j o i n t  bonding. Asphal t -butyl  compounds f o r  bonding 5-cm 

l ap  j o i n t s  of Tedlar  and aluminum f o i l  were i n v e s t i g a t e d  wi th  t h e  

r e s u l t s  shown i n  Table 2. An an ion ic  emulsion (SS-2) and a  c a t i o n i c  

emulsion (S-1) were used wi th  var ious  amounts of bu ty l  l a t e x  added 

t o  improve t a c k  and bonding p r o p e r t i e s .  A l l  of t h e  compounds requi red  

10 o r  more days cur ing  time t o  develop a  l ap  j o i n t  i n  aluminum f o i l  

which was a s  s t r o n g  a s  t h e  f o i l  i t s e l f .  Maximum 2-hours t rength  was 
2 

0.08 kg/cm . Pul l - s t r eng th  j o i n t s  were bonded on Tedlar  a f t e r  1 day 
2 of cur ing  and maximum 2 lhour s t r eng th  was 0.19 kglcm . Cat ion ic  

emulsion was s l i g h t l y  b e t t e r  than  an ionic .  Inc reas ing  t h e  b u t y l  

content  improved t h e  bond s t r e n g t h ,  Development of f u l l  s t r e n g t h  

r e q u i r e s  l o s s  of water from t h e  adhesives t e s t e d .  This  process  i s  

much t o o  slow f o r  aluminum f o i l  and i s  bo rde r l ine  f o r  t h e  Tedlar.  

High wind can o f t e n  occur s h o r t l y  a f t e r  a n  i n s t a l l a t i o n  i s  made i n  

t h e  f i e l d  and w i l l  de s t roy  a  weak l ap  jo in t .  

Water r e p e l l e n t s .  The only water r e p e l l e n t  s tud ied  was a  s i l i c o n e  

(R-9) which i s  hea t  r e s i s t a n t  and w i l l  p e n e t r a t e  s o i l s ,  The maximum 

e f f e c t i v e  p e n e t r a t i o n  i s  inf luenced  by t h e  t e x t u r e  of t h e  s o i l  and 

t h e  concent ra t ion  of t h e  app l i ed  so lu t ion .  A maximum e f f e c t i v e  

pene t r a t ion  of over 3 cm was obta ined  on a  loamysand s o i l  when t h e  
2 chemical was app l i ed  a t  85 g/m i n  a  2 percent  s o l u t i o n .  The same 

treatment  on a  sandy loam s o i l  pene t r a t ed  t o  1.25 cm, Lower a p p l i c a t i o n  

r a t e s  g ive  p ropor t iona te ly  lower depths of chemical pene t r a t ion .  When 

t h e  R-9 was app l i ed  a t  a  concen t r a t ion  of 0.67 percent  t h e  s o i l s  were 

water r e p e l l e n t  on ly  on t h e  s o i l  su r f ace ,  r e g a r d l e s s  of a p p l i c a t i o n  

r a t e ,  i n d i c a t i n g  t h a t  t h e  r e a c t i o n  i s  concen t r a t ion  dependent. It 

was necessary  t o  u s e  a  3.3 percent  concent ra t ion  be fo re  t h e  e f f e c t i v e  

chemical p e n e t r a t i o n  was equal  t o  t h e  t o t a l  s o l u t i o n  pene t r a t ion .  

Typica l  p e n e t r a t i o n  r e s u l t s  a r e  shown i n  F igure  1. 
2 

Two 9.3 m p l o t s  a t  Gran i t e  Reef were t r e a t e d  on 30 May 1963. 

P l o t  17 was t r e a t e d  a t  a  r a t e  of 28 g/m2 and p l o t  18 was s p l i t  i n t o  

Annual Report of the U.S. Water Conservation Laboratory



2 
two t rea tments  wi th  an  a p p l i c a t i o n  r a t e  of 113 g/m on t h e  upper ha l f  

2 
and 57 g/m on t h e  lower h a l f ,  During t h e  per iod  of 30 May t o  31 

Dee. 1963 p l o t  17 produced 51  perceot  runoff ,  p l o t  18 prodwed 78 

percent  runoff ,  and t h e  un t r ea t ed  con t ro l ,  p l o t  4 produced 30 pexcent 

runoff  from a t o t a l  of 124 mm of r a i n .  No e ros ion  was observed on 

t h e  t r e a t e d  p l ~ t s  which a r e  on a 3 pereen.t s lope.  Indivi.dua1 s tonn 

runoff values a r e  presented  i n  Table 4. 

Observations of n a t u r a l  r a i n f a l l  on s o i l  t r e a t e d  with R-9 

showed t h a t  t h e  impact energy of t h e  r a i n  drops f0rce.d water i n t o  

t h e  pores of t h e  t r e a t e d  s o i l  l ayer .  This  phenomenon i n d i c a t e s  t h a t  

a water r e p e l l e n t  s o i l  cannot produce 100 percent  runoff  from r a i n -  

f a l l .  

Grani te  Reef f i e l d  p l o t s .  Resul t s  during t h e  year  1962 showed 
2 

t h a t  t h e  b u t y l  and polye thylene  shee t ings  on. t h e  9.3 m p l o t s  

c o n s i s t e n t l y  c o l l e c t e d  more r a i n f a l l  than  was recorded i n  a weighing 

r a i n  gage loca t ed  nearby. On 6 Feb 1963 a second c a l i b r a t e d  r a i n  

gage was i n s t a l l e d  a t  t h e  t e s t  s i t e  about 150 meters  from t h e  f i r s t .  

Comparisons of t h e  two r a i n  gages have shown no measurable d i f f e r e n c e ,  
2 

Severa l  new t rea tments  have been app l i ed  t o  the. 9.3 m p l o t s .  

These a r e  l i s t e d  i n  Table 3 .  Runoff da t a  a r e  i n  Table 4 .  The 

o l d e s t  a s p h a l t  t rea tment ,  on p l o t  1, i s  now almost completely d e t e r i o r -  

a t ed ,  even with t h e  p r o t e c t i v e  coa t ing  of s o i l  which has blown onto 

t h e  p l o t ,  P l o t  2, t h e  b u t y l  rubber,  shows no s i g n  of d e t e r i o r a t i o n  

and has c o n s i s t e n t l y  given more runoff  than  t h e  r a i n  gages. The 

a s p h a l t  emulsion S - 1  t rea tments ,  p l o t s  3 and 5b, a r e  showing s e r i o u s  

d e t e r i o r a t i o n  due t o  weathering. P l o t  5b was p ro t ec t ed  f o r  approxi-  

mately one year by a polye thylene  shee t ing  l i s t e d  i n  t a b l e s  a s  p l o t  

5a. P l o t  6, t r e a t e d  wi th  water r e p e l l e n t  R-8, i s  s t i l l  showing more 

runoff  than  t h e  un t r ea t ed  c o n t r o l  p l o t  4. P l o t  7 was covered i n  

January 1963 wi th  an  experimental  low-cost a r t i f i c i a l  rubber shee t ing .  

This shee t ing  had f a i l e d  by t h e  end of J u l y  and was subsequent ly 

removed a t  t h e  end of August. P l o t s  17 and 18, t r e a t e d  wi th  R-9, 

have previous ly  been discussed.  P l o t s  19, 20, and 21 t r e a t e d  with 

a s p h a l t  show a d e f i n i t e  i n c r e a s e  i n  runoff  when a s e a l  coa t  i s  appl ied .  
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P l o t  19, which i s  a base coat  a lone ,  has shown a permeabi l i ty  t o  

water and t h e  runoff  is decreas ing  wi th  t ime a s  t h e  coa t ing  d e t e r i o r a t e s ,  

The s e a l c o a t ,  i n  a d d i t i o n  t o  improving t h e  runoff  c h a r a c t e r i s t i c s  of 

t h e  t rea tments ,  a l s o  p r o t e c t s  t h e  basecoat  from d e t e r i o r a t i n g .  
2 

Treatments app l i ed  t o  t h e  232.5 m p l o t s  a r e  l i s t e d  i n  Table 5 

and t h e  runoff  r e s u l t s  a r e  presented  i n  Table 6. 

P l o t  1 was resprayed a t  t h e  end of 1962 wi th  a s p h a l t  emulsion 

S-1. By J u l y  of 1962 t h e  t rea tment  had aga in  d e t e r i o r a t e d  t o  an ex ten t  

t h a t  runoff  was low. The p l o t  was then completely cleaned of a l l  

a s p h a l t  and a base s t a b i l i z i n g  coa t  of Peneprime app l i ed  a t  a r a t e  of 
2 

1.470 kg asphal t /m . I n  October 1963, t h e  p l o t  was coveredwith 6-mil 

black polye thylene  shee t ing  bonded t o  t h e  s o i l  w i t h  SS-2 a s p h a l t  

emulsion modified wi th  b u t y l  l a t e x .  

The smoothed ba re  s o i l  p l o t  2 i s  producing about  30 percent  

runoff  wi th  e s s e n t i a l l y  no s o i l  erosion.  

P l o t  3, t h e  aluminum f o i l ,  i s  s t i l l  i n  e x c e l l e n t  cond i t i on  and 

t h e r e  appears  t o  be no d e t e r i o r a t i o n .  This  t rea tment  has  been g iv ing  

about 80 percent  runoff  which i s  much lower than  expected. Observa- 

t i o n s  dur ing  a ra ins torm have ind ica t ed  t h a t  t h e  impact of t h e  r a i n  

drops i s  s u f f i c i e n t  t o  form a m i s t  which i s  blown from t h e  catchment 

s u r f a c e  by wind, A v e r t i c a l  border  15.2 cm high  p laced  around t h e  

p l o t  on 12 Nov 1963 has f a i l e d  t o  apprec iab ly  i n c r e a s e  t h e  runoff 

from t h i s  p l o t .  

P l o t  4, t h e  b u t y l  shee t ing  s tandard,  has no observed d e t e r i o r a t i o n  

and runoff i s  s l i g h t l y  more than 90 percent .  

P l o t  5, a two-phase a s p h a l t  t reatment  with modified S-1 a s p h a l t  

a s  a basecoat and S-1 a s  a topcoat ,  i s  r e s u l t i n g  i n  good runoff  of 

nea r ly  90 percent  and t h e r e  has  been no s i g n i f i c a n t  weathering de- 

t e r i o r a t i o n  s i n c e  t rea tment ,  

P l o t  6 i s  another  two-phase t reatment  u s ing  Peneprime a s  a base- 

coa t  with a s p l i t  topcoat  t reatment ,  one-half of t h e  p l o t  i s  t r e a t e d  

wi th  S-1 modified wi th  b u t y l  l a t e x  (S-1B) and t h e  o t h e r  h a l f  of t h e  

p l o t  i s  t r e a t e d  wi th  SS-2 modified wi th  b u t y l  l a t e x  (SS-2B). This  

p l o t  i s  a l s o  g iv ing  good runoff  of about 95 percent  and t h e r e  has 

been no s i g n i f i c a n t  d e t e r i o r a t i o n ,  
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Runoff water from all asphalt plots has been colored. This 

coloring is believed to be oxidation by-products of the asphalt, but 

chemical analysis of the runoff water, including infrared and gas 

chromatography analyses, has failed to identify these products. 

Additional analyses will be made. 

. The. two catchments installed on the 
Hualapai Indian Reservation in 1962 did not collect much water because 

the areas experienced an exceptionally dry year. Even with no rain, 

useful information on field problems was obtained, 

The Blue Mountain catchment initially installed in J u ~ e  1962 

was a split treatment with asphalt-fiberglass-aluminum foil on one 

half and 1.5-mil polyethylene bonded to the soil with asphalt on the 

other half. The half covered with the polyethylene was destroyed with- 

in a short period after installation by wind and was subsequently 

removed with this area being retreated in April 1963 with the two- 

phase asphalt treatment of Peneprime basecoat and SS-2B sealcoat. 

The half of the catchment with the aluminum foil-fiberglass appeared 

in excellent condition until September 1963 when a yucca plant growing 

underneath the sheeting raised a section of the sheeting free of the 

ground surface. Wind action progressively loosened more of the covering 

and finally over half of the aluminum foil-fiberglass was blown from 

the plot. Inadequate anchoring of the edges was also involved in the 

damage, The damaged area will be repaired in early 1964. 

The Nelson road catchment, also installed in June 1962, was a 

split treatment with a surface coat of cationic S-1 or. one half and 

asphalt-aluminum foil on the other half. The S-1 alone had deteriorated 

by the end of the first year, This area was retreated with Peneprime 

basecoat and SS-2B sealcoat during July 1963, The half of the plot 

which had been treated with the asphalt-aluminum foil was severely 

damaged during the winter by animals and wind, Bonding of the aluminum 

sheeting to the soil had been poor because a deteriorated asphalt 

emulsion was used in the application. This area was then cleaned and 

treated with Peneprime basecoat on 24 April 1963 and left for the summer 

to determine the weathering of the basecoat alone, By Qct0be.r 1963 this 
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basecoat  had s e r i o u s l y  d e t e r i o r a t e d .  The a r e a  was r e t r e a t e d  i n  

October 1963 wi th  Peneprime basecoat and d iv ided  i n t o  t h r e e  subareas 

of 10.1 x 15.2 m f o r  a p p l i c a t i o n s  of d i f f e r e n t  s e a l c o a t s .  The upper 

113 of t h e  a r e a  was t r e a t e d  wi th  S-1, t h e  middle a r ea  was t r e a t e d  

wi th  SS-2, and t h e  bottom a r e a  was t r e a t e d  wi th  SS-2B. These a r e a s  

w i l l  be observed t o  determine t h e  r e l a t i v e  weathering of t h e  t h r e e  

s e a l c o a t s ,  The s t b r a g e  p i t ,  which was l i n e d  wi th  f i b e r g l a s s  and 

sprayed wi th  a s p h a l t  emulsion, appears  i n  exce.llent cond i t i on  a f t e r  

18 months. The f i b e r g l a s s  was given a new spraying  of SS-2B i n  

October 1963. A measurment of t h e  evaporat ion and seepage l o s s e s  

from t h e  p i t  over a 19-day per iod  showed a l o s s  l e s s  than  0.5 cm/ 

day. 

F o r t  Apache Indian  Re.servation. Two ope ra t iona l  catchment a r e a s  

were i n s t a l l e d  i n  cooperat ion wi th  t h e  Bureau of Indian  A f f a i r s  on 

t h e  For t  Apache Indian  Reserva t ion  near  White River ,  Arizona. 

The Metate catchment a r e a  i s  15.2 m x 61.0 m, cons t ruc ted  a s  a 

r ec t ang le  on a 4 percent  s lope  wi th  a 15.2 x 15.2 x 1.8 m deep s t o r a g e  

p i t  ac ros s  t h e  lower end. A p ipe  leads  from t h e  bottom of t h e  s t o r a g e  

p i t  t o  a met.al water ing tank  where t h e  water l e v e l  i s  maintained by 

a f l o a t ,  The catchment and p i t  were sprayed wi th  t h e  two-phase a s p h a l t  

t reatment  i n  May 1963 wi th  Peneprime a s  a basecoat  and SS-2B a s  a 

s ea l coa t .  Xn November 1963 t h e  catchment was inspec ted  with d i s -  

appoin t ing  r e s u l t s .  The t reatment  had f a i l e d  t o  s t a b i l i z e  t h e  s o i l  

and cracking and e ros ion  had occurred. The s a i l  i s  36 percent  c lay ,  

26 percent  s i l t ,  and 38 percent  sand wi th  39.3 meq/g combined calcium 

and magnesium and 0.21 meq/g sodium on t h e  s o i l  complex. Laboratory 

s t u d i e s  a r e  under way t o  determine methods and m a t e r i a l s  f o r  s t a b i l i z i n g  

s o i l s  of t h i s  type. The s o i l  s t e r i l a n t  which had been app l i ed  t o - t h e  

s o i l  d i d  no t  k i l l  yucca and var ious  shrubs which grow i n  t h e  a r e a ,  

The Cedar Mesa catchment a r e a  i s  a 30.5 x 30.5 m square which 

d r a i n s  i n t o  a 189 ,000- l i te r  s t e e l  tank. The a r e a  had o r i g i n a l l y  been 

t r e a t e d  wi th  a s o i l  cement which had d e t e r i o r a t e d .  The s o i l  cement 

covering was removed and a basecoat  of Peneprime was app l i ed  i n  October 

1963. Two weeks l a t e r  a 1 - m i l  t h i c k  shee t  of Tedlar  was bonded t o  t h e  
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stabilized soil with SS-2B. To date the covering is satisfactory even 

though the basecoat had failed to penetrate the desired depth because 

of excessive soil moisture at the time of treatment. 

Hopi Indian Reservation. An operational catchment area was 

treated in cooperation with the Bureau of Ind,ian Affairs on the Hopi 

Indian Reservation near Keams Canyon, Arizona. This catchment is 

48.8 m x 54,9 m and was originally covered with .635-cm thick asphalt 
planking which had been destroyed by wind of over 60 mph. Because 

of the high wind in the area it was decided to treat the area with the 

two-phase asphalt treatment of Peneprime basecoat and SS-2B sealcoat, 

Inspection 2 months after treatment showed satisfactory results even 

though it had been necessary to do additional hand killing of yucca 

which a pretreatment of soil sterilant had failed to kill. 

Trick tank. This is a catchment area on the Kel Fox ranch which 

was constructed of roofing-type tar paper several years ago by the 

Forest Service with an excavat.ed pit of approximately 760,000 liters 

at. the lower side. The tar-paper had deteriorated rapidly. The 

area was cleaned up and sprayed with a two-phase basecoat and seal- 

coat asphalt treatment in August 1963. Observations of the plot in 

November 1963 were disappointing, The soil, which is similar to 

the Metate soil, had failed to stabilize satisfactorily and, even 

though there was no serious erosion, it is not expected to last through 

the winter. 

Equipment. A heated tank trailer was constructed for use with 

materials which require heating for spray application, The pump and 

spray equipment was from the earlier spray boom trailer, as described 

in the 1962 Annual Report, with the addition of a four-speed trans- 

mission and friction clutch to facilitate starting and stopping. To 

date this unit has sprayed approximately 57,000 liters of asphalt 

with vexy satisfactory performance. 

SUMMARY AND CONCLUSZONS: 

Laboratory studies and field experience have shown that pavements 

with good bearing strength can be created by spraying asphaltic materials 

on the soil surface. Testing machine measurements on two different 
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soils, treated with three types of asphalt materials at various 

rates and curing times, showed that pavements with bearing strength 
2 

of 40 to 60 kg/cm (600 to 800 psi) could be produced. Cut-back 

asphalts produced higher strength than emulsion because of better 

distribution of asphalt within the soil. Higher strength was generally 

associated with longer curing time as expected, High bearing strength 

is desirable in soil stabilization treatments for water harvesting 

from the standpoint of reducing damage by animals and hopefully re- 

ducing costs by eliminating the need for fenciag. Bearing strength 

is not the only criterion, however, and ductility and resistance to 

wetting must also be considered. The asphalt studies were supplemented 

by tests of a sprayable resin which produced bearing strengths of 30 
2 

to 45 kg/cm (400 to 650 psi). Resin treated soils were quite ductil 

and appeared capable of self-healing. 

Soils stabilized with cut-back asphalt are still porous and a 

sealcoat must be applied. Testing machine measurements showed that 
2 

the 50 to 55 kg/cm bearing strength of cured basecoats was reduced 

to 40 to 45 kg/cm2 by application of asphalt emulsion sealcoats. The 

reduction in strength results from the application of additional 

asphalt which acts as a lubricant. 

Lap joints in plastic film and aluminum foil installations can 

be destroyed if high velocity winds occur before the adhesive cures to 

form a strong bond. Testing machine measurements on lap joints made 

with butyl modified asphalt emulsions showed that 10 or more days 

curing time was required to develop a full-strength joint with aluminum 

foil. A full-strength joint has the same strength as the original 

sheet material. One day of curing produced full-strength joints on 

Tedlar plastic film. Development of lfull strength requires lass of 

wat.er from the adhesives tested. This process is much too slow for 

aluminum foil and is borderline for Tedlar, 

A heat resistant water repellent was evaluated in the laboratory 

to determine effectiveness in treating a layer of soil by spraying on 

the soil surface. Soil to a depth of 3 cm was successfully treated. 

Effective treatment depth was found to be a function af solution con- 

centration, soil texture, and total application rate. Small plots 
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were t r e a t e d  a t  t h e  Gran i t e  Reef t e s t i n g  s i t e  on 30 May 1963. Runoff 

was c o r r e l a t e d  t o  t h e  quan t i t y  of r e p e l l e n t  app l i ed  and ranged from 

50 t o  80 percent  of t h e  124 mm t o t a l  r a i n f a l l  a f t e r  t reatment .  
2 

R a i n f a l l  measured from 9.3 m p l o t s  of b u t y l  and p l a s t i c  f i lms  

has c o n s i s t e n t l y  been h igher  t han  t h a t  measured i n  a record ing  r a i n  

gage. A second c a l i b r a t e d  gage was i n s t a l l e d  150 m from t h e  f i r s t  on 

6 February 1963 and t h e r e  has been no measurable d i f f e r e n c e  i n  t h e  

ca t ch  of t h e  two record ing  gages, 
2 

No d e t e r i o r a t i o n  has been observed on t h e  230 m aluminum f o i l  
2 

p l o t  which was i n s t a l l e d  19 January 1962 o r  on t h e  230 m b u t y l  s h e e t  

p l o t  i n s t a l l e d  30 November 1961. Runoff from t h e  f o i l  and b u t y l  

p l o t s  was 81.4 and 93.5 percent  r e s p e c t i v e l y  of t h e  203,5 mm t o t a l  
2 

r a i n f a l l  dur ing  1963. A 230 m p l o t  t r e a t e d  wi th  c a t i o n i c  a spha l t  

emulsion modified t o  achieve  s o i l  p e n e t r a t i o n  has shown no measurable 

d e t e r i o r a t i o n  s i n c e  i n s t a l l a t i o n  on 21 December 1962 and has averaged 

88 percent  runoff .  A s i m i l a r  p l o t  wi th  a cut-back a s p h a l t  basecoat  

and a s p h a l t  emulsion s e a l c o a t  has averaged 96 percent  runoff  s i n c e  

i n s t a l l a t i o n  i n  August 1963. 

Four ope ra t iona l  catchments have been t r e a t e d  wi th  apparent  

success  i n  coopera t ion  wi th  t h e  Bureau of Ind ian  Af fa i r s .  Three were 

t r e a t e d  wi th  a cut-back a s p h a l t  basecoat  and a n  a s p h a l t  emulsion 

s e a l c o a t ,  One was t r e a t e d  with white  Tedlar  p l a s t i c  f i l m  bonded t o  

t h e  s o i l  wi th  a s p h a l t ,  Two f a i l u r e s  a l s o  occurred dur ing  1963, An 

asphalt-fiberglass-aluminum f o i l  t reatment  i n s t a l l e d  dur ing  June 1962 

f a i l e d  dur ing  September 1963 because of inadequate  edge anchoring and 

a newly sp rou t ing  yucca p l a n t  which r a i s e d  a s e c t i o n  of t h e  mat o f f  

t h e  s o i l .  Continued wind a c t i o n  on t h e  loosened s e c t i o n  p rog res s ive ly  

destroyed a 16 x 16 meter  a r e a  of t h e  t reatment .  Damage could have 

been prevented by b e t t e r  edge anchoring o r  by k i l l i n g  t h e  yucca. A 

more se r ious  f a i l u r e  occurred when t h e  cut-back a s p h a l t  basecoat 

f a i l e d  t o  s t a b i l i z e  a ca lcareous  c l a y  s o i l .  This  problem, now under 

l abo ra to ry  i n v e s t i g a t i o n ,  must be solved before  s o i l s  of t h i s  type  

can be s u c c e s s f u l l y  s t a b i l i z e d  and sea l ed  a t  low cos t .  Tn gene ra l  
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these experimental installations on operational sites have been 

encouraging and are providing valuable information concerning materials, 

application equipment and methods, and catchment design and construction, 

PERSONNEL: L. E. Myers, G. W. Frasier 
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Table 1. Maximum bearing strength of two soils after surface spray 

applications of cut-back and emulsified asphalts. 

Asphalt Application Drying Soil bearing strength 
rate t ime Loamy sand Sandy loam 

k d m 2  days kg / cm2 kg/crn2 

Untreated 

MC-7 0 

MC-7 0 

Peneprime 

Peneprime 

Modified 
S-1 

Modified 
S-1 

1/ Dynamometer off scale. - 
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Table 2, Average shearing s t rength  of aluminum f o i l  and Tedlar p l a s t i c  

f i lm lap j o i n t s  made with modified asphal t  emulsions a s  t h e  

adhesive . 
Elapsed Butyl Aluminum f o i  1 Tedlar 

time content SS-2 S-1 SS-2 5-1 

% kg/cm2 kg/cm 
2 2 

kg / cm kg / cm 
2 

2 h r s  0 ' 0.040 0.035 0.149 0.154 

1 day 0.180 0.054 0.290 L1 0.172 

10 days 0.237 0.139 11 0.251 A/ 0.216 - 
30 days 

2 h r s  3 0.063 0.081 0.112 0,127 

1 day 0.099 0.054 0.269 1 / 0,276 - 
10 days 0,235 0.125 11 0.307 0.218 - 
30 days 11 0.206 '/ 0.229 L' 0.230 0.220 - 
2 hrs  6 

1 day 

10 days 

30 days 

2 h r s  12 0.027 

1 day 0.163 

10 days 0.325 - 11 
30 days 11 0.292 - 
1/ Material  f a i l u r e .  - 
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2 Table 3, Treatments on 9.3 m p l o t s  a t  t h e  Gran i t e  Reef t e s t i n g  s i t e .  

P l o t  Treatment Treatment 
d a t e  

5 J an  61  

Ret rea ted  
25 Aug 61  

18 May 61  

15 Sept 61  

15 Sept 6 1  

26 J u l  62 

22 Sept 6 1  

22 Dec 61  

11 J a n  63 

30 May 63  

30 May 63 

7 May 63 

Basecoat 
7 May 63 

Topcoat 
9 J u l y  63  

Bas e.coat 
7 May 63  

Topcoat 
26 Jun 63 

30-mil b u t y l  rubber shee t ing  

2 
S-1 a t  0.490 kg ashpahl t lm upper ha l f  

S-1 a t  0.98 kg asphal t /m2 lower ha l f  

1.5-mil black polyethylene 

S-1 a t  0.490 kg asphalt/m2 upper h a l f  

S-1 a t  0.245 kg asphalt/m2 lower h a l f  
2 

R-1 a t  0.011 kg/m r i g h t  ha l f  
2 

R-8 a t  0.017 kg/m l e f t  h a l f  

Polyisobutylene shee t ing  

R-9 a t  0.028 kg/m 
2 

R-9 a t  0.113 kg/m2 upper h a l f  
2 

R-9 a t  0.057 kg/m lower h a l f  

Peneprime a t  1.471 kg asphal t lm 
2 

Peneprime a t  1.471 kg asphal t lm 
2 

S-1 a t  0.545 kg asphalt/m2 wi th  3% b u t y l  l a t e x  

Z 
Peneprime a t  1.471 kg asphal t lm 

2 
SS-2 a t  0.545 kg asphal t lm wi th  3% b u t y l  l a t e x  
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2 
Table 4. Runoff results from rainfall on 9.3 m plots at the Granite Reef testing site. 

Rainfall Plot No. 1 Plot No. 2 Plot No 3 
Date Intensity Total runoff runoff runoff 

maximum minimum 

3 - Jan 4 7 06 

12 Jan 6.4 
10 
--- Feb 
12 25.5 

17 Mar 5-1 
u 
I 
P 25 Apr 3.8 
Ch 4 - Aug 

6 12.7 

14 Aug 12.7 

16 Aug 25 .O 

24 Aug 63.5 

18 Oct 25.4 

2 Nov 2.5 
7 - Nov 8 10.2 

21 Nov 50.8 

Total 

I./ Drain trough plugged. - 
2/ Storage reservoir leaking. - 
3/ Lower edge of plot not sealed. - 
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Table 4 ,  Continued. 

Date P l o t  No. 4 P l o t  No. 5a P l o t  No. 5b P l o t  No. 6 P l o t  No. 7 
runoff  runoff  runoff runoff runoff 

3 - Jan  
4 6.2 28.6 17.6 81.1 

12 Jan  0.2 6.7 2.9 96.7 
10 -E Feb 3.1 8.7 28.4 79.5 

17 Mar 0,6 4.8 10.2 81.6 

14 Aug 

16 Aug 

24 Aug 

18 Oct 

2 Nov 

7 - Nov 
8 
21 .Nov 

Toral .  

I/  Drain t rough plugged, - 
2/ Storage r e s e r v o j r  leaking.  - 
31 Lower edge of p l o t  not  sea led .  - 
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Table 4. Continued 

Date P l o t  No. 17 P l o t  No. 18 P l o t  No. 19 P l o t  No. 20 P l o t  No. 21 
run0 f f runoff runoff  runoff runoff 

3 - Jan  
4 
12 Jan  
10 - Feb 
12 

4 
17 Mar 

I 
r 25 Apr 

4 6 Aug 

14 3 Aug 

24 Aug 

18 Oct 

2 Nov 
7 - Nov 8 
21 Nov 

T o t a l  63.4 

1/ Drain trough plugged. - 
2/ Storage r e s e r v o i r  leaking. - 
3/  Lower edge of p l o t  not  sealed.  - 
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2 
Table 5,  Treatments on 232.5 m p l o t s  a t  t h e  Gran i t e  Reef t e s t i n g  s i t e ,  

P l o t  Treatment 
d a t e  

Treatment 

1 a  17 Jan  62 

Resprayed 
21 Dec 62 

30 Oct 63 

30 Nov 61 

19 Jan  62 

30 Nov 61  

Basecoat 
18 Sept 62 

Topcoat 
21 Dec 62 

Basecoat 
19 Apr 63 

Topcoat 
south  h a l f  
8  May 63  

Topcoat 
n o r t h  h a l f  
9  J u l  63  

R-8 a t  0.028 kg/mz mixed wi th  S-1 a t  
0.490 kg asphalt/m2 

S-1 a t  0.490 kg asphal t lm 
2 

6-mil b lack  polye thyleae  

Smoothed un t r ea t ed  

1 - m i l  a1uminu.m f o i l  

30-mil b u t y l  rubber shee t ing  

Modified S-1 a t  1.470 kg asphal t lm 2  

L 
Peneprime a t  1.470 kg asphal t lm 

2  
SS-2 a t  0.654 kg asphal t /m wi th  3% b u t y l  

l a t e x  

2  
S-1 a t  0.490 kg asphal t lm wi th  3%buty l  

l a t e x  
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Table 6. Runoff results from rainfall on 232.5 m plots at the Granite Reef testing site. 

Rainfall Plot No. 1 a Plot No, 1 b Plot No. 2 
Date Intensity Total runoff runoff runoff 

maximum minimum 

1963 

3 Jan 

4 Jan 

12 Jan 
10 - Feb 
12 
17 Mar 

25 Apr 
1 

4 Aug 

6 Aug 

14 Aug 

16 Aug 

24 Aug 

18 Oct 

2 Nov 

7 Nov 

8 Nov 

21 Nov 

21 Nov 

Total 203.5 28.19 63.1 26.57 95.2 52.08 31.5 

11 Catchment ditch not lined. - 41 Changing plot treatment. - 
21 Water meter not wokking correctly. - 51 Basecoat only. - 
31 Catchment tank overflowed. - - 61 Lower edge of plot not sealed. 
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Table 6. Continued, 

Date Plot No. 3 Plot: No. 4 Plot No. 5 Plot No. 6 
runoff runoff runoff runoff 

3 Jan 

.4 Jan 

12 Jan 
10 - Feb 
12 
I1 Mar 

* 
t 25 Apr 
tu 
b-' 4 Aug 

6 Aug 

14 Aug 

16 Aug 

24 Aug 

18 Oct 

2 Nov 

7 Nov 

8 Nov 

21 Nov 

21 Nov 

Total 123.26 81.4 141.59 93.5 131.74 87.9 75.48 96.1 

11 Catchment ditch not lined. - 4/ Changing plot treatment. - 
2/ Water meter not working correctly. - 5/ Basecoat only. - 
31 Catchment tank overflowed. - 61 Lower edge of plot not sealed. - Annual Report of the U.S. Water Conservation Laboratory



- -- - Depth of s o l u t i o n  pene t raLion  

Depth t o  x h i c h  s o i l  was w a t e r  
repe l l en t r  
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L - 
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F i g u r e  1. Depth of s o l u t i o n  p e n e t r a t i o n  and d e p t h  t o  which a  loamy sand s o i l  was wa te r  r e p e l l e n t  
f o l l o w i n g  t r e a t m e n t  w i t h  v a r i o u s  r a t e s  and c o n c e n t r a t i o n s  of a s i l i c o n e  compound. Annual Report of the U.S. Water Conservation Laboratory



TITLE: EkEDUGTIOH OF SEEPAGE LOSSES FROM CANALS AND PONDS 

LINE PROJECT: SWG 4-gGl CODE MO.: Ariz.-WCL-8 

INTRODUCTION : 

The use of d i s p e r s a n t s  f o r  reducing seepage from e a r t h  s tock  

tanks was t e s t e d  a t  two s i t e s  i n  no r th -cen t r a l  Arizona. 

Asphal t ic  compounds used a s  waterborne s e a l a n t s  f o r  seepage 

reduct ion  were inves t iga t ed  i n  two l abo ra to ry  s t u d i e s .  The s t a b i l i t y  

of low concent ra t ions ,  500 and 1,000 ppm, of a spha l t  emulsions i n  

water  was measured t o  i n d i c a t e  t he  f e a s i b i l i t y  of using low concentra-  

t i o n s  i n  ponding t rea tments .  Adequate t reatment  of t h e  s i d e s  of a  

pond o r  channel is  dependent upon good s t a b i l i t y .  A prel iminary s tudy  

of t he  e f f e c t  of seepage r a t e  on the  s e a l i n g  process  was a l s o  i n i t i a t e d .  

With h igh  seepage r a t e s  t he  a s p h a l t  p a r t i c l e s  should be pul led  i n t o  

t h e  s o i l  pores and thus  c r e a t e  an e f f e c t i v e  percentagewise reduct ion  

i n  seepage. With low seepage r a t e s  and low pressure  g rad ien t s  a t  

t h e  seeping su r f ace ,  t he  a s p h a l t  p a r t i c l e s  may depos i t  i n  a  porous 

l a y e r  and produce only a  s l i g h t  reduct ion  i n  seepage. 

Addition of he rb i c ides  t o  an a s p h a l t  cutback was t e s t e d  i n  

l imi t ed  greenhouse s t u d i e s  t o  s e e  i f  t h e  procedure could prevent 

t he  growth of g ra s ses  through low-cost a s p h a l t  d i t c h  l i n i n g s .  

Crack movement i n  concre te  d i t c h  l i n i n g s  was measured t o  ob ta in  

information concerning requi red  performance s tandards  f o r  crack 

s e a l e r s ,  S a t i s f a c t o r y  c rack  s e a l e r s  must bond t o  concre te  and must 

be s u f f i c i e n t l y  e l a s t i c  t o  withstand crack  movement due t o  temperature 

changes, Information concerning crack movement was no t  prev ious ly  

ava i l ab l e .  

The i n v e s t i g a t i o n s  mentioned above (d i spe r san t s ,  a s p h a l t i c  

compounds and crack  movement) w i l l  each be d iscussed  sepa ra t e ly .  

A. Dispersants .  

1. Dick Mason Pond. 

Procedure. On 31  August 1962, 1,000 l b s  of TSPP ( t e t r a  
2 sodium pyrophosphate) was spread on t h i s  6,500 f t  pond and disked 

i n t o  the  top  3 o r  4 inches of s o i l .  D e t a i l s  of t h i s  t rea tment  a r e  

found i n  t he  1962 Annual Report. 
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Resu l t s .  Spring runoff f i l l e d  the pond t o  overflowing 

about 15 A p r i l  1963 and on 6 May 1963 samples of the  water  were 

taken. The water  contained only 35 ppm sodium, i n d i c a t i n g  t h a t  

d i spe r s ion  of sodium from t r e a t e d  s o i l  i n t o  the ponded water  was 

not  a problem. With the  water  su r f ace  about 1 f t  below the  

sp i l lway c r e s t ,  t he  r a t e  of l o s s  was measured by the  owner a s  about 

0.3 inch  per  day whereas t he  pretreatment  seepage r a t e  was about 

5 inches per  day. These measurements i n d i c a t e  t h a t  t h e  TSPP 

reduced r a t e  of l o s s  about 15 f o l d .  The f i n a l  seepage r a t e  of 

approximately 0.3 inch  per  day can i n  p a r t  be accounted f o r  by 

evaporat ion.  The treatment. i s  considered t o  be a success .  

Future  work on t h i s  pond w i l l  e n t a i l  a d e t a i l e d  chemical 

and phys ica l  a n a l y s i s  of t h e  s o i l  a t  var ious  loca t ions  i n  t he  pond, 

2. House Mountain No. 1. 

Procedure. House Mountain Tank No. 1, 15 miles  southeas t  

of Sedona, i s  a s tock  water ing pond approximately 0.25 a c r e  i n  s i z e ,  

A s o i l  a n a l y s i s  of t he  pond bed showed t h a t  the  amount of water -  

s t a b l e  aggregated c l a y  was approximately 3 percent .  The mechanical 

a n a l y s i s  of the  s o i l  is:  c lay ,  51 percent ;  s i l t ,  47 percent ;  and 

sand, 2 percent  w i t h  a t e x t u r a l  des igna t ion  of s i l t y  c lay .  A 

pretreatment  seepage r a t e  i s  n o t  known except  t h a t  the  tank has 

never he ld  water  from the  A p r i l  runoff u n t i l  the  s t a r t  of t he  graz ing  
2 

season i n  June. The 11,000 f t  pond was t r e a t e d  wi th  2,000 l b s  of 

sodium carbonate .  The s a l t  was broadcast  by hand and disked i n  t o  

a depth of 3 t o  4 inches on the  pond bottom and 2 t o  3 inches on 

the  pond s i d e s .  The sodium carbonate  t reatment  was designed t o  

c r e a t e  an ESP (exchangeable sodium percentage) of 13 i n  the  top 3 

inches of s o i l .  

Resul tp.  A t  t h i s  time t h e r e  a r e  no da t a  a v a i l a b l e  concerning 

pos t t rea tment  seepage r a t e s  and the  s i t e  has n o t  been v i s i t e d  s i n c e  

the  t reatment  t o  ob ta in  s o i l  and water  samples. However, t h e  owner 

has advised us t h a t  t he  pond i s  now holding water .  Future  work 

w i l l  c o n s i s t  of posttreat.ment ana lyses  of s o i l  and water .  
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B. Asphalt  Compounds. 

1, S t a b i l i t y  of d i l u t e  a s p h a l t  suspensions.  

Procedure. Seven a s p h a l t  emulsions were d i l u t e d  i n  t a p  

water  a t  two concent ra t ions ,  500 and 1,000 ppm, i n  1,500 m l  j a r s  a t  

a temperature of approximately 25 C. These emulsion concent ra t ions  

correspond t o  a c t u a l  a s p h a l t  concent ra t ions  of 250 and 500 ppm, An 

a l i q u o t  of suspension was then p ipe t t ed  from a 10 cm depth a t  var ious  

time i n t e r v a l s  and the  amount of suspended a s p h a l t  was determined by 

drying and weighing. 

Resul t s .  The types of a s p h a l t  emulsions used and the  

percent  of a s p h a l t  remaining i n  suspension a f t e r  72  hours is shown 

i n  Table 1. The an ion ic  emulsion i s  somewhat s t a b l e ,  bu t  s e t t l i n g  

does occur. The nonionic  emulsions were completely s t a b l e .  From the  

t a b l e  i t  i s  obvious t h a t  the  fou r  types of c a t i o n i c  emulsions g ive  

q u i t e  d i f f e r e n t  r e s u l t s ,  ranging from 13 t o  100 percent  s t a b l e ,  

These measurements show t h a t  i t  i s  poss ib le  t o  produce extremely 

s t a b l e  suspensions of a s p h a l t  i n  water  a t  concent ra t ions  of 500 

and 1,000 ppm. 

2. E f f e c t  of seepage r a t e  on seepage reduct ion .  

Procedure. Control  s o i l  and Grani te  Reef s o i l  were tamped 

i n t o  3- inch diameter  cy l inde r s .  Water was added t o  s a t u r a t e  t he  

s o i l  and t o  cont inuously maintain a t o t a l  head of about 16 inches 

of water  above the  s o i l  su r f ace .  The seepage r a t e  was then reduced 

by p a r t i a l l y  r e s t r i c t i n g  the  o u t l e t  tube of t he  s o i l  cy l inde r  t o  

g ive  a r a t e  of 1 t o  0.5 inches per  hour. The two an ion ic  and 

the  c a t i o n i c  1 a s p h a l t  emulsions mentioned i n  t he  s t a b i l i t y  t e s t s  

were t h e n  added t o  produce concent ra t ions  of 500 and 1,000 ppm 

i n  the  water  ponded on the  s o i l .  Seepage r a t e s  were measured a t  

i n t e r v a l s ,  Fo r ty -e igh t  hours a f t e r  t r e a t i n g  the cy l inde r s ,  t he  

o u t l e t  tube was opened f u l l y  and the  u n r e s t r i c t e d  seepage r a t e  

determined, This  t e s t  was intended t o  show what type of s e a l  was 

e f f e c t e d  by the  t rea tment .  I f  t he  a s p h a l t  a c t u a l l y  plugged t h e  

pores,  t he  seepage r a t e  a f t e r  opening the  o u t l e t s  would remain low, 
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I f ,  however, t he  a s p h a l t  had deposi ted i n  a  porous l a y e r  on the  

s o i l  sur face ,  a  h igh  seepage r a t e  would be manifested,  

Resul t s .  Tes t  r e s u l t s  were no t  conclus ive  because 

seepage r a t e s  g radua l ly  dec l ined  a s  p a r t i a l  a i r - l o c k s  developed 

i n  the  o u t l e t  tubes.  Despi te  t h i s ,  t he  da t a  i n d i c a t e ,  a s  shown i n  

F igure  1, a  d e f i n i t e  r e l a t i o n s h i p  between i n i t i a l  seepage r a t e  

and seepage reduct ion .  When the  i n i t i a l ,  o r  r e s t r i c t e d ,  seepage 

r a t e  i s  very Low the  pos t t rea tment  u n r e s t r i c t e d  seepage r a t e  i s  

high, i n d i c a t i n g  t h a t  t h e  a s p h a l t  d id  depos i t  a s  a  porous l a y e r  

on the  s o i l  su r f ace .  When the i n i t i a l  r a t e  was high, the  

u n r e s t r i c t e d  r a t e  was low. Data from previous t e s t s  show 99 percent  

seepage reduct ion  when i n i t i a l  seepage r a t e s  were 10 t o  20 inches 

per  hour. 

Improved techniques a r e  now being used t o  c l a r i f y  t he  

r e l a t i o n s h i p  between i n i t i a l  seepage r a t e  and the  seepage reduct ion  

obtained w i t h  low concent ra t ions  of a s p h a l t  emulsions. 

3 .  Asphal t  he rb i c ide  eva lua t ion .  

Procedure. Johnsongrass rhizomes were p lan ted  4 inches 

deep i n  2-gal lon ceramic crocks f i l l e d  wi th  con t ro l  s o i l .  Three 

d i f f e r e n t  he rb i c ides  recommended f o r  Johnsongrass c o n t r o l  were 

mixed i n t o  a  low-viscos i ty  cutback a s p h a l t  commonly used a s  a  s o i l  
2  

s t a b i l i z e r  a t  t he  r a t e  of 0.75 ga l /yd  . The he rb i c ides  were 

compatible w i th  the  a s p h a l t  and thorough mixing was e a s i l y  accomplished. 

The a spha l t -he rb i c ide  mixture was appl ied  i n  q u a n t i t y  s u f f i c i e n t  t o  

pene t r a t e  0.5 inch  i n t o  t h e  s o i l .  Herbicide q u a n t i t i e s  app1ie.d were 

the  r a t e  recommended f o r  normal app l i ca t ion  wi thout  a spha l t .  T rea t -  

ments were dup l i ca t ed  and included: t h ree  a spha l t -he rb i c ide  mixtures ,  

a s p h a l t  a lone,  and un t r ea t ed  s o i l .  The crocks were watered we l l  

a f t e r  p l an t ing  the  rhizomes and before  t%e t rea tments  were appl ied .  

Resul t s .  The Johnsongrass shoots  pene t ra ted  a l l  t he  a spha l t  -- 
and he rb i c ide  t rea tments  a s  e a s i l y  a s  they d id  the  un t r ea t ed  su r f ace .  

Except f o r  t i p  browning and occas iona l  s l i g h t  d i s t o r t i o n  of a  l e a f ,  

t h e r e  appeared t o  be no ill e f f e c t  on the  g ra s s  from t h e  he rb i c ides .  
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Under t he  condi t ions  of t h i s  s tudy,  he rb i c ides  nixed w i t h  cutback 

a s p h a l t  were no t  e f f e c t i v e  i n  i n h i b i t i n g  the  growth of %oh.nsongrass 

through the  s t a b i l i z e d  s o i l .  

C. Crack movement i n  concre te  d i t c h  l i n i n g s .  

P r o c e d ~ ~ .  Small & t e e 1  angles  w i t h  f aces  machined f l a t  

were cemented t o  concre te  d i t c h  l i n i n g s  o r  each s i d e  of s e l e c t e d  

cracks.  This was done f o r  both n o r t h  and south  exposures on the  

d i t c h e s .  A i r  and concre te  su r f ace  temperatures were recorded a t  

t he  time of measurement and the  d i s t ance  between the. angles  was 

measured by the  use of s l i d i n g  p a r a l l e l s  and a  micrometer. The 

method of measurement could be reproduced t o  0.0002 inch.  

Resul t s .  Minimum concre te  temperatures coincided w i t h  

minimum a i r  temperatures and maximum j o i n t  opening. Maximum 

concre te  temperatures were dependent on the  angle  of incidence 

of s o l a r  r a d i a t i o n  a s  w e l l  a s  a i r  temperature.  The average 

maximum crack movement f o r  a  14 f t  s e c t i o n  of a  s l i p fo rm d i t c h  

was 0,020 inch  f o r  cracks w i t h  nor thern  exposure and 0.030 inch  

f o r  southern exposure. The concre te  temperature v a r i a t i o n  

a s soc i a t ed  w i t h  t h i s  crack movement was 53 t o  118 F f o r  t he  southern 

exposure crack and 51 t o - 9 6  P f o r  t h e  nor thern  exposure crack. 

Complete c rack  c losu re  occurred a t  concre te  su r f ace  temperatures of 

75 F f o r  no r the rn  exposure and 85 F f o r  southern  exposure. The 

amount of crack movement ca l cu la t ed  from an equat ion using the  

c o e f f i c i e n t  of expansion f o r  concre te  i s  esse.nt ia1ly t h e  same a s  t he  

measured movement. The da t a  obtained i n d i c a t e  t h a t  under condi t ions  

of t he  above t e s t s ,  a  j o i n t  patching m a t e r i a l  f o r  cracks i n  concre te  

must be f l e x i b l e  enough t o  wi ths tand  crack movement of a t  l e a s t  

0.030 inch during a  per iod of one day. 

SUNMARY AND CONCLUSIONS : 

Dispersants  were s u c c e s s f u l l y  used t o  reduce seepage lo s ses  

from two s tock  ponds t h a t  had previous ly  never he ld  water  f o r  use 

during the graz ing  season. Sodium s a l t s  were spread by hand and 

disked i n t o  the s o i l  a t  r a t e s  designed t o  p a r t i a l l y  bu t  no t  completely 
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break down the  s o i l  s t r u c t u r e .  Seepage was reduced from a pre-  

t reatment  r a t e  of about 5  inches per  day t o  a  pos t t rea tment  r a t e  

of about 0.15 inch  per  day, 

S t ab le ,  low-concentration suspensions of a s p h a l t  i n  water  were 

s tud ied  i n  l abo ra to ry  i n v e s t i g a t i o n s  of waterborne a s p h a l t  s e a l a n t s  

f o r  seepage c o n t r o l ,  Actual  a s p h a l t  concent.rations of 250 and 500 ppm 

i n  t a p  water  were prepared which were completely s t a b l e  f o r  a  3-day 

per iod ,  S tudies  u t i l i z i n g  cy l inde r s  f i l l e d  w i t h  s o i l  i nd i ca t ed  t h a t  

seepage reduct ion  obtained wi th  a s p h a l t  suspensions is  inf luenced 

by the  i n i t i a l  seepage r a t e ,  High seepage r a t e s  r e s u l t  i n  movement 

of a s p h a l t  p a r t i c l e s  i n t o  the  s o i l  pores ,  When. seepage r a t e s  a r e  

low, t h e  a s p h a l t  appa ren t ly  forms a  porous l a y e r  on the  s o i l  su r f ace .  

Attempts t o  s t o p  weed growth through sprayed a s p h a l t  d i t c h  

l i n i n g s  by incorpora t ing  he rb i c ides  i n  the  a s p h a l t  were not  succes s fu l  

i n  a  con t ro l l ed  greenhouse experiment. Herbicides recommended f o r  

Johnsongrass c o n t r o l  were e a s i l y  incorporated i n  cutback a spha l t  

used f o r  s o i l  s t a b i l i z a t i o n  bu t  d id  no t  s t o p  growth of t he  g ra s s  

through s o i l  sprayed w i t h  the  a spha l t -he rb i c ide  ma te r i a l .  

Crack movement i n  concre te  l i n i n g s  was measured t o  obta in  informa- 

t i o n  concerning requi red  performance s tandards  f o r  c rack  s e a l e r s .  

With su r f ace  temperatures  of concre te  ranging from 51 t o  118 F during 

the  course of a  day, t he  maximum crack movement was 0.020 t o  0,030 

inch  f o r  nor thern  and southern  exposure r e spec t ive ly .  The cracks 

were completely c losed  a t  75 P f o r  no r the rn  exposure and 85 F f o r  

southern exposure. Crack s e a l e r s  must be compounded t o  withstand 

t h i s  type of movement, bond s t r o n g l y  t o  t he  concre te  ( through s i l t  

and a lgae  i f  necessary) ,  remain durable  f o r  a  long period of time, 

and be f a i r l y  inexpensive. 

PERSOMMEL: L. E. Myers, R. J. Reginato. 
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Table 1. S t a b i l i t y  of d i l u t e  a s p h a l t  emulsions i n  t a p  water  a t  25 C. 

Type of a s p h a l t  Percent  of a s p h a l t  remaining i n  
emulsion suspension a f t e r  72 hours 

500 ppm 1,000 ppm 

Anionic 1 

Nonionic 1 

2 

Ca t ion i c  1 

2 

3 

4 
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-Unrestricted Seepage Rate - in h?' 

Restricted Seepage Rate- i n  h?' 

Figu re  1. E f f e c t  of seepage r a t e  on seepage r educ t ion  by d i l u t e  

a s p h a l t  suspensions a s  i nd i ca t ed  by the  r e l a t i o n s h i p  

between r e s t r i c t e d  seepage r a t e  dur ing  t rea tment  and 

u n r e s t r i c t e d  seepage r a t e  a f t e r  t rea tment ,  
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TITLE: APPLICATION OF HEXA1)ECANOL-OCTADECWOL MONOFILMS TO SMALL PONDS 

LINE PROJECT: SWC 4-gG2 CODE NO,: Ariz.-WCL-9 

INTRODUCTION: 

See Annual Report 1962. 

Studies of the long-chain fatty alcohol emulsion were conducted 

on large outdoor tanks. Preliminary studies were also made with 

floating powders which reduce evaporation by reflecting solar radiation 

and reducing the water temperature. 

PROCEDURE: 

Procedures were the same as outlined in the 1962 Annual Report 

with the following addition. 

The evaporation control agents were evaluated on water surfaces 

in open top steel tanks buried in the ground, Four tanks, 274 cm 

diameter and 91 cm deep, were installed 40 cm apart with 8.0 cm of rim 

above the surrounding grassed surface. Each tank was connected to a 

stilling well where water surface elevation was recorded with water 

stage recorders which could be read to + 0.5 mm. Supplemental point 

gage readings of the water surface elevations to + 0.02 mm were made 

in the tanks every day. 

Measurements of solar radiation and water temperatures were 

measured for selected 24-hour periods. Incoming short-wave radiation 

incident to and reflected by the water surfaces was measured with Kipp 

solarimeters and recorded on a strip-chart recorder at half-hour 

intervals, Temperature profiles were measured during the same 24- 

hour periods with thermocouples at 0, 2, 6, 15, 30,63, and 80 cm below 

the water surface and recorded at half-hour intervals. Radiation and 

water temperature measurements were made simultaneously on treated and 

untreated tanks. 

The long-chain alcohol emulsion (ECE No. 1) was applied continu- 
L 

ously to the water surfaces, at a rate of approximately 1.1 g/m per 

month, through a No. 22 hypodermic needle connected with flexible 

tubing to a constant head polyethylene bottle. Bottle height was 

adjusted to deliver the desired rate of flow. The needles tended to 

become plugged and some stoppages occurred. The floating powders were 
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hand sp r ink led  on t h e  water su r f aces  t o  completely cover t h e  s u r f a c e  

wi th  a white  coa t ing .  Amounts app l i ed  were determined by weighing. 

Treatments were run  i n  d u p l i c a t e  and e f f e c t i v e n e s s  determined f o r  7-day 

per iods  by comparison of t h e  evapora t ion  lo s ses  from t r e a t e d  and un- 

t r e a t e d  tanks.  

RESULTS AND DISCUSSION: 

A 1,000 m l  sample of t h e  ECE No. 1 prepared 16 March 1962 and 

s t o r e d  i n  t h e  labora tory ,  has shown no d e t e r i o r a t i o n  o r  s epa ra t ion  t o  

da te .  

Evaporation from a l l  four  un t r ea t ed  tanks was measured f o r  5 

weeks. Maximum dev ia t ion  of any tank from t h e  average t o t a l  of 173.2 

mrn f o r  t h e  per iod  was 2.9 mm, De l ibe ra t e ly  imposing a water l e v e l  

d i f f e r e n c e  of 15 cm r e s u l t e d  i n  a maximum d i f f e r e n c e  of 2.2 mm from 

t h e  average t o t a l  of 44.4 mm f o r  one week. Di f fe rences  among tanks 

never exceeded 5 percent  of t h e  average. 

Evaporation r educ t ion  wi th  emulsion. The ECE No, 1 emulsion 

reduced evapora t ion  by 35 t o  45 percent  during February and March 

1963 when d a i l y  un t r ea t ed  evaporat ion was 3 t o  4 mm per  day and 

t r e a t e d  water  s u r f a c e  temperatures  were 12 t o  16 C. Reduction was 

30 t o  35 percent  dur ing  May and June when t r e a t e d  s u r f a c e  water 

temperatures  were 23 t o  27 C and un t r ea t ed  evapora t ion  was 7 t o  8 mm 

per  day. Typica l  d a t a  a r e  presented  i n  Table 1. Performance of t h e  

emulsion was good a s  long a s  t h e  a p p l i c a t o r s  remained ope ra t iona l ,  

When a complete s u r f a c e  f i l m  of long-chain a l coho l  was p re sen t  

a d d i t i o n a l  drops of emulsion f l o a t e d  a s  smal l  beads j u s t  below t h e  

water su r f ace ,  As t h e  s u r f a c e  f i l m  p re s su re  diminished t h e  beads r o s e  

t o  t h e  su r f ace  and rep len ished  t h e  f i lm ,  This  d e s i r a b l e  phenomena 

provided a b u i l t - i n  r e s e r v e  which compensated f o r  temporary stoppages 

of t h e  a p p l i c a t o r s .  Complete stoppage of t h e  a p p l i c a t o r s  on s e v e r a l  

occasions emphasized t h e  need f o r  continuous maintenance of a k i l m .  

F igure  1 shows t h e  e i f e c t  of l o s ing  t h e  f i l m  a f t e r  4 days of t reatment .  

Since t h e  f i l m  reduces evapora t ion  by phys i ca l ly  i n t e r f e r i n g  with t h e  

escape of water molecules,  but  not  m a t e r i a l l y  reducing abso rp t ion  of 

incoming r a d i a t i o n ,  t h e  n e t  e f f e c t  i s  an  inc rease  i n  water temperature 
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a s  shown i n  F igure  2, As a r e s u l t  of increased  wzter  temperature,  

evaporat ion fol lowing f i l m  l o s s  exceeded t h e  un t r ea t ed  r a t e .  Net 

evaporat ion r educ t ion  f o r  t h e  week was only 23. percer,t d e s p i t e  a 40 

percent  r educ t ion  during t h e  f i r s t  4 days of t h e  week. 

E f fec t  of a l e ,  During t h e  p c ~ i o d  of J Aprdl t o  8 A p r i l  1963 -.--- 
a heavy growth of a l g a e  was p re sen t  i n  a l l  tanks.  On t h e  t r e a t e d  

tanks t h e  monolayer f i l m  p re s su re  compressed t h e  a l g a e  i n t o  a sFace 

occupying approximately one-fourth of t h e  water s u r f a c e  a rea ,  whiJ..e 

on t h e  un t r ea t ed  tanks t.he a l g a e  was evenly d i s t r i b u t e d  over t h e  

e n t i r e  sur face .  Evaporation reduct ion,  of 25 t o  30 percent  was obta ined  

eve.n though observa t ions  showed a cons iderable  q u a n t i t y  of t h e  

emulsion was being dropped d i r e c t l y  on t h e  algae. thereby reduciag t h e  

amount which reached t h e  wa.ter surfac:e. To determine t h e  e f f e c t  of 

a l g a e  a lone  on evaporat ion,  t h e  two tanks which had been t r e a t e d  

were cleane.d, r e f i l l e d ,  and t r e a t e d  wi th  an a lgaec ide-emuls i f ie r  

des igna ted  E-2. For a 7-day period t h e  evaporat ion l o s s e s  were: 

Tardks 1 and 3, cleaned, 39.6 mm and 38,5 m, averaging 38.1 mm; and 

Tanks 2 and 4, a lgae ,  36.5 and 37.9 mm, averaging 36.8 mm. This  

s tudy  ind ica t ed  t h a t  a l g a e  a lone  d i d  not  m a t e r i a l l y  i n f luence  t h e  

evaporat ion r a t e  and showed t h a t  t h e  p r e s e ~ c e  of a l g a e  reduced but 

d i d  not  des t roy  t h e  e f f e c t i v e n e s s  of t h e  Long-chain a l coho l  emulsion. 

E f f e c t  of excess  emul s i f i e r .  I n  a ?  e f f o r t  t o  c o n t r o l  t h e  a lgae ,  

E-2 a lgaec ide-emuls i f ie r  was appl.ied t,:, a l l  tamks a t  a r a c e  of 25 

ppm of t h e  t o t a l  water .  When t h e  long-c.hain a l coho l  emulsion was 

subsequent ly app l i ed  t o  t h e  water, evaporat ion r edac t  ion  was l e s s  than  

15 percent .  Supplemental l abo ra to ry  i n v e s t i g a t i o n s  showed t h a t  when 

E-2 was mixed wi th  water  a t  25 ppm, t h e  e m u l s i f i e r  formed a s u r f a c e  

f i l m  which i n t e r f e r e d  wi th  t h e  fosma t i o n  of an a.lcoho1 2i.lm. T'h; s tudy 

a l s o  showed t h a t ,  un fo r tuna te ly ,  t h e  emulsi.Eie?r f i l m  does ngt reduce 

evaporat ion,  Accordingly, t h e  emulsions should be prepared wi th  t h e  

minimum q-uantity of emul s i f i e r  which w i l l  prodnrce a s t a b l e  emzlsion. 

Evaporation r educ t ion  wi th  f l o a t i n g  powders. F l o a t i n g  powders 

f o r  evaporat ion r educ t ion  were subjec ted  t o  pre l iminary  i n v e s t i g a t i o n  

dur ing  June and J u l y  1963. A white,  water - repe l lan t  powder w i t h  a 
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p a r t i c l e  s i z e  of about 1 micron QECP No. 1) reduced evaporat ion from 
2 

40 t o  55 percent  when app l i ed  a t  a r a t e  of 230 g/m . The powder was 
2 

no t  s e l f - sp read ing  and a t tempts  t o  apply lower r a t e s  of 77 g/m re -  

s u l t e d  i n  nonuniform d i s t r i b u t i o n  and l e s s  e f f e c t i v e  evaporat ion 

r educ t ion  o f  27 t o  31 pe rcen t ,  A coa r se r  water - repe l len t  powder of about 

15 micron s i z e  (ECP'Mo, 2) reduced evaporat ion by about 20 percent .  

These da t a  a r e  presented  i n  Table 2, 

Incoming and r e f l e c t e d  short-wave r a d i a t i o n  was measured f o r  a 24- 

hour per iod  on 1 J u l y  1963. Incoming r a d i a t i o n  was 716 lawgleys per  

day. Ref lec ted  r a d i a t i o n  was 112 langleys,  o r  15.5 percent ,  from t h e  

un t r ea t ed  water sur face  and 284 laagleys ,  o r  39.7 percent ,  from t h e  
2 

s u r f a c e  t r e a t e d  wi th  ECP No. 1 a t  230 g/m . Water temperature p r o f i l e s  

were measured dur ing  t h i s  same 24-hour perioc!, a s  shorn i n  F igures  3 

and 4, bu t  a n  energy balance could no t  be computed because of hea t  

leakage from t h e  s i d e s  and bottoms of t h e  tanks.  An i n d i c a t i o n  of t h i s  

he.at l o s s  i s  given i n  P igure  4 which shows a temperature wave moving 

downward from t h e  water su r f ace .  Some i n d i c a t i o n  of t h e  temperattire 

e f f e c t  on evaporat ion i s  given i n  P igure  2 which shows s u r f a c e  tempera- 

t u r e s  on 28 June 1963 f o r  un t r ea t ed  and t r e a t e d  tanks.  Mean d a i l y  

s u r f a c e  temperatures were: t r e a t e d  wi th  long-chain a l coho l  QECE No. 1) 

- 30.3 C; un t r ea t ed  - 27.4 C (average);  t r e a t e d  wi th  white,  water- 

r e p e l l a n t  powder (ECP Mo. I )  - 25.0 C. This  means t h a t  a l o s s  of t h e  

powder t rea tment ,  by r a i n  f o r  example, would not  r e s u l t  i n  t h e  above 

normal evaporat ion which fol lows t h e  l o s s  of a long-chain a l coho l  

f i l m ,  

Laboratory s t u d i e s  were conducted t o  determine t h e  amount of 

evaporat ion r educ t ion  a t t r i b u t e d  t o  ECP No. 1 a s  a vapor b a r r i e r  

a s  opposed t o  r a d i a t i o n  r e f l e c t i o n .  Glass 600-ml beakers were t r e a t e d  
2 

wi th  long-chain a l coho l  a t  1.1 g/m and wi th  ECP No, 1 a t  230 g/m 
2 

and evapora t ion  was compared t o  untreate.d beakers .  T r e a t m e ~ t s  were 

t r i p l i c a t e d  and randomized and were exposed where i n c i d e n t  r a d i a n t  

energy ~7as  n e g l i g i b l e .  Untreated evaporat ion was 31.2 mm i n  t h e  24- 

day period.  Evaporat ion r educ t ion  by t h e  a l coho l  was approximately 

40 percent ,  comparable t o  f i e l d  r e s u l t s ,  and by t h e  ECP No, 1 was 
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approximately 5 percent .  This s tudy  demnnstxaked t h a t  r e f l e c t i o n  c f  

i nc iden t  rad ia t ior t  i s  t h e  primary me.cha.-Tsm f o r  e v a p o r t i o n  r educ t ion  

by ECP No. 1. 

SUMMARY AEaD COBCLUSXBNX: 

A long-chain f a t t y  a lcohol  emulsion redcced evaporat ion from 

274 cm diameter s t e e l  tanks by 35 t o  4 5  percent  when cont inuously 
2 

app l i ed  a t  a r a t e  of 1-1 g/m jmonth (3.8 lbs/acre/month) and only  

smal l  amounts of a l g a e  were present .  Evaporation r educ t ion  was lowered 

t o  about 28 percent  when one-fourth of t h e  water s u r f a c e  was covered 

wi th  a lgae .  Mean d a i l y  water s u r f a c e  temperatures of a l coho l  t r e a t e d  

tanks were about 3 C h igher  than  i n  un t r ea t ed  tanks .  During one t e s t ,  

when a f i lm  was app l i ed  f o r  4 days, evaporat ion from t h e  t r e a t e d  tank 

dur ing  t h e  second day a f t e r  l a s s  of t h e  f i l m  exceeded t h e  un t r ea t ed  

r a t e  by 33 percent .  Met evaporat ion reduct ion  f o r  t h e  week was only  

22 percent  d e s p i t e  t h e  f a c t  t h a t  reduct ion during t h e  f i r s t  4 da-ys 

averaged 40 percent .  This same p r o b l m  has been encountered by o the r  

i n v e s t i g a t o r s  who app l i ed  t h e  a l coho l  i n  s a l u t i o r ~ s ,  powders, and 

f l a k e s ,  

The emdlsion has proven t o  be e x c e p t i o ~ a l l y  s t a b l e  and no sepa ra t ion  

o r  d e t e r i o r a t i o n  has occurred i n  a 1,000 m l  sample s to red  i n  t h e  lab-  

o r a t o r y  f o r  over 18 months. It has proven t o  be easy t o  apply and ef- 

f e c t i v e  i n  reducing evaporat ion.  There i s  a p o s s i b i l i t y  t h a t  t h e  

b a c t e r i o c i d a l  emul s i f i e r  w i l l  i n t e r f e r e  wi th  rumen a c t i v i t y  i n  c a t t l e ,  

Although t h i s  i s  no t  expected t o  be a problem t h e  ques t ion  should be 

answered before  t h e  emulsion i s  recommended f o r  u s e  on s tock  ponds. 

F l o a t i n g  whi te  powders reduced evaporat ion from outdoor tanks by 

40 t o  55 percent  by r e f l e c t i n g  about 40 percent  of t h e  incoming s o l a r  

r a d i a t i o n  and lowering water temperatures.  Laboratory s t u d i e s  showed 

t h a t  i n t e r f e r e n c e  wi th  vapor movement accounted f o r  about 5 percent  of 

t h e  evaporat ion reduct ion .  The powders a r e  not  s e l f - sp read ing  and can 

be d iss ipaked  by wind and r a i n .  They may, however, be u s e f u l  f o r  re- 

ducing evaporat ion from uncovered water s t o r a g e  tanks i n  a r i d  a r eas .  

PERSOMNEL: L. E. Myers, G. W. F r a s i e r  
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Table 1, Reduction of evaporation from outdoor tanks treated with an emulsion of 

2 long-chain alcohol (ECE No. 1) at a rate of 1.1 g/m /month. 

D< 

From 

1963 

18 Feb 

1 m r  

1 Apr 

18 Apr 

30 Bps 

28 May 

25 Jun 

1963 

25 Feb 

8 Mar 

8 Apr 

25 Apr 

6 m y  

27 Hay 

2 Yul 

Untreated 

Evaporation 

nrm 

I/ Algae covered one-fourth of tank area. - 
21 Excess emulsifier in water. - 

3 - Film lost on 4 May 1963. 

Tad 

Evaporation 

mm 

16.4 

15.8 

27 .O 

36.1 

34.2 

35.3 

35.9 

1 

Reduction 

percent 

37 -9 

43,4 

25.8 
2 / 5.1- 
3 21.4 

34 -4 

34.9 

Tank 

vaporation 

mm 

14,O 

15.5 

25.7 

3303 

33,6 

36.6 
- 

2 

Reduction 

percent 

43.1 

44.4 
11 29.4- 
2 / 12.7- 
3 / 22.8- 

32.0 
- 
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Table 2, Reduction of evaporation from outdoor tanks treated with floating powders ECP 
No, 1 and ECP No. 2. 

Untreated 1. 1 1 ECP No. 2 

Reduction Evaporation Reduction 

ECP I 

Evaporation 

e 

To 

1963 

2 Jul 

8 Sul. 

16 dul 

22 duh 

26 Sep 

4 Oct 

Evaporation 

percent 
I/ 54.0- 

percent 

2 
. - 1/ Treated at rate of 230 g/m . 

2 
of 77 g/m . 

2 . of 430 g/m . 
2/ Treated at rate - 
3/ Treated at rate - 
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Evaporation reduction, 30 April to 5 June 1963 
percent 

Time in days 

Figure I. Reduction in evaporation for 7-day period from outdoor tank treated for 4 days 
with long-chain alcohol emulsion at a rate of 1.1 g/m2/month. Reduction 
based on comparison with untreated tank. 
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Figure  2. Water s u r f a c e  temperatures  f o r  24-hour per iod  Tan outdoor tanks t r e a t e d  wi th  long- 
cha in  a l c o h o l  emulsion (ECE-I), f l o a t i n g  white  powder (ECP-l), and un t r ea t ed .  
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The p r o f i l e s  f o r  15, 30, and 63 cm 
a r e  s i m i l a r  t o  t h e  p l o t  f o r  t h e  
80 cm p r o f i l e .  

F igu re  3 .  Water temperature  f o r  24-hour pe r iod  a t  s e l e c t e d  depths  i n  an u n t r e a t e d  outdoor  
tank. 
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Depth 

*-*. 1 cm 

4-4 2 crn 

Time, hours 

F igu re  4.  Water t empera tures  f o r  24-hour pe r iod  a t  s e l e c t e d  depths  i n  an  outdoor tank t r e a t e d  
wi th  f l o a t i n g  whi te  powder (ECP-1) a t  230 g/m2. 
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TITLE: PIEASlJREFt?LENT AHD CALCULATION OF UHSATm4TED CONDUCTIVITY AND 

SOIL-WATER DIFFUSIVITY 

LINE PROJECT: SWC 4-gG4 CODE NO.: Ariz,-WCL-13 

INTRODUCTION: 

The objectives and need for scudy f c r  this project were reported 

in the 1961 Annual Report of the U, S, Wacer Conservation Laboratory. 

In the 1962 Annual Report the results of sail-water diffusivity 

measurements at several porosities and at several temperatures, and 

a theoretical and experimental examination of the pressure plate 

outflow method for measuring ca.pFllary co_rc!octfvity were reported. 

Work done in 1963 consisted of measuring the uasaturated conductivity 

of a graded sand using a modification of the long column method of 

Childs (I), and calculating the unsaturated conductivity from water 

retention data using the method of Millington and Quirk (2). 

PROCEDURE : 

Unsaturated conductivity measurements. Air-dry 50-500 I_L sand 

was packed into columns with the mechanized soil column packer, Three 

columns were joined together to form one column 101 cm long. The 

column consisted of 101 sections which could be separated for water 

content measurements. The size and construction of the plastic 

columns and the mechanized soil columa packer have been described in 

the 1961 Annual Report, page 226. The 101-cm column was placed 

vertically on top of a 30-cm solid tube previously hand packed with 

the 50-500 I_L sand. The solid portion provided a means of maintaining 

a water table at the bottom of the column. Beginning at about 28 cm 

above the water table, tensiometers (made by cementing porvic on a 

1/4-inch 0.d. plastic tube and connecting the plastic tube to a 

manometer) were inserted at 4-cm intervals for a portion of the column, 

then at 3-cm intervals at the region where drainage of the sand was 

expected. A total of 21 tensiometers were located within the column. 

Water from a constant head source was applied dropwise on the top 

of the column at a constant rate, 
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For desorption measurements, the column was saturated by allowing 

the inflow rate to be sufficiently high to essentially saturate the 

column. Subsequently the inflow rate was reduced and the water 

contents allowed to approach a dynamic equilibrium. When the pressure 

head readings on the manometer remained constant for a 24-hour period 

and the inflow and outflow was equal and constant, a final reading 

of the manometer and the flow rate was taken; the tensiometers removed 

from the column; and the column quickly sectioned into 2-cm sections 

from which the water content was obtained by drying the sample at 

110 C for 24 hours. Plots were made of Fresszzre head versus distance 

above the water table and volumetric water content versus distance 

above the water table. The water content at a particular pressure 

potential was obt.ained by comparison of the two graphs. The slope of 

pressure head versus distance, obtained graphically from the plot of 

pressure head versus distance above the water table, was divided into 

the flow rate per unit area to obtain the unsaturated conductivity of 

the sand. Slopes were taken at particular water cortents from the 

water content-distance curve and the soil water diffusivity calculated 

at several water contents by dividing this slope into the unsaturated 

conductivity. 

Calculation of conductivities from water retention data. The 

method of calculating unsaturated conductivity from water content 

retention data by the method of Millington and Quirk (2) consists of 

dividing the water content range into m equal parts, obtaining the 

pressure potential at the midpoint of each part, and calculating the 

conductivity using the following equation: 

where 9 = pressure potential, 
@v 

= volumetric water content, k = 

unsaturated conductivity, and m = number of water content intervals. 

Reference is made to the original article and articles cited by 

Millington and Quirk for the derivation of this equation. 
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RESULTS AMD DISCUSSION: 

The mod i f i ca t ion  of t h e  long column method of Childs  a f fo rded  a  

means of ob ta in ing  t h e  c a p i l l a r y  conduct iv i ty ,  t h e  water  r e t e n t i o n  

curve, and, hence, t h e  so i l -wa te r  d i f f u s i v i t y  from t h e  same sample. 

This  method works we l l  f o r  a  coarse  m a t e r i a l  having a  g rada t ion  of 

pore s i z e s .  For f i n e  t ex tu red  m a t e r i a l s ,  very  long columns a r e  

requi red ,  posing problems of uniform packiag and o the r  experimental  

d i f f i c u l t i e s .  Coarse t ex tu red  m a t e r i a l s  of uniform pore  s i z e  have a  

shasp dra inage  po in t  and, hence, a  p i s t o n  shaped head versus d i s t a n c e  

r e l a t i o n .  This  permi ts  only one va lue  f o r  conduc t iv i ty  f o r  each run  

t o  be obta ined  f o r  m a t e r i a l s  of r a t h e r  uniform pore s i z e .  

The 50-500 p sand used i n  t hese  e.xperiments y i e lded  head versus  

d i s t a n c e  curves such a s  shown irr P igure  1. From t h i s  curve t h e  term 

CIH/@x can be obta ined  g raph ica l ly  a t  s e v e r a l  p o i n t s  a long  t h e  curve,  

Using Darcy's law, t h e  conduct iv i ty  k i s  obta ined  by d iv id ing  the  f l u x  

per  u n i t  a r e a  q by AH/&. I n  a d d i t i o n  t o  head measurements a t  var ious  

x ' s ,  water conten t  was a l s o  determined a s  a  func t ion  of x. Thus t h e  

k obtained from t h e  s lope  measurement a t ,  say, x  - 60 i n  F igure  1 was 

r e l a t e d  t o  t h e  water conten t  occurr ing  a t  x  = 60,  

The r e s u l t s  of k  measurements made f o r  desorp t ion  on four  columns 

of 50-500 p sand a r e  shown i n  F igure  2 .  The agreement among t h e  four  

r e p l i c a t e s  i s  e x c e l l e n t ,  The l a r g e s t  v a r i a t i o n  is  a t  t h e  h igher  water 

conten ts .  This  r e s u l t s  from t h e  inaccuracy of measuring t h e  t o t a l  

head c l o s e  t o  t h e  water t a b l e  (sae Figure  1 f o r  x  40 ) .  One run 

was made f o r  so rp t ion .  This  w i l l  be d iscussed  l a t e r .  

From t h e  p l o t s  of t o t a l  head versus x and water  conten t  versus 

x t h e  dynamic water r e t e n t i o n  curves f o r  s o r p t i o n  and desorp t ion  were 

derived.  These a r e  shown i n  F igu re  3. The dashed l i n e s  i n  F igure  3 

r ep re sen t  d a t a  obta ined  from convent ional  p re s su re  p l a t e  appara tus .  

S lopes  of t h e  r e t e n t i o n  curves a t  p a r t i c u l a r  water conten ts  were 

obta ined  g r a p h i c a l l y  and d iv ided  i n t o  t h e  c o n d u c t i v i t i e s  t o  o b t a i n  

t h e  so i l -water  d i f f u s i v i t y  curves shcwn i n  P igu re  4. Note t h a t  t h e  

s o r p t i o n  and deso rp t ion  d i f f u s i v i t i e s  a r e  n e a r l y  t h e  same a t  t h e  higher  

water  conten ts  wi th  t h e  deso rp t ion  d i f f u s i v i t i e s  being g r e a t e r  a s  t h e  

water  conten t  decreases .  
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From the water retention curves of Figure 3 the conductivities 

were calculated using the method of Millington and Quirk (2). The 

results of this computation are shorn by the dashed lines in Figure 5. 

The solid lines represent experimental data. (The solid desorption 

line was taken from Figure 2. The solid sorption line is the result 

of one sorption conductivity measurement with the long column method.) 

Figure 5 shows that the conductivities ca'lculated from water 

retention data are higher than the experimental data. Also the 

calculated sorption conductivities are higher than desorption whereas 

the measured sorption conductivities are lower thac the desorption 

conductivities, The ratio of measured to calculated saturated con- 

ductivities (sorption having a smal.ler ra+,io than desorptior@ because 

the theoretical. value for sorption is grea.t,er than for desorption) 

was used as a matching factor. When this factor was applied to the 

above equation, the calculated curves fell reasonably close to the 

measured curves, 

As a further check on the feasibility of calculating conductivities 

from retention data, conductivities were calculated for Adelanto loam. 

Soil-water diffusivity data (see 1962 Anma1 Report, page 210) and 

vapor diffusivities (see this report, project WCL-31) were available 

for this soil material. The saturated hydraulic conductivity for 
- 1 

Adelanto loam was measured (0.00271 cm min - average of 6 measure- 
ments) and used as a matching factor for the calculated conductivities. 

The adjusted conductivities were divided by slopes of the retention 

curve to obtain diffusivities, The results are shown in Figure 6 as 

x's. The A's are measured soil-water diffusivities and the 0's are 

vapor diffusivities. The agreement between. measured and calculated 

values is reasonably good. This gives some justification for using 

calculated conductivities and diffusivities for filling in regions 

where direct measurement is difficult. 

SUMMARY AND CONCLUSIONS : 

The unsaturated conductivity of 50-500 p, sand was measured using 

a column 130 cm long and 3.18 cm in diameter. A constant inflow of 

water was maintained at the top of the column and the pressure was 

Annual Report of the U.S. Water Conservation Laboratory



measured at 21 locations within the column with tensiometers. When the 

ou~flow was constant and equal to the inflow the tensiometers were 

read and the flux recorded. The column was then separated into 2-cm 

sections and the water content determined. With these measurements 

the unsaturated conductivity and the water recention curve were 

obtained. Soil-water diffusivities were caLcuPated from conductivities 

and slopes of the retention curve. 

Theoretical conductivities, calculated from pore size distributions 

(estimated from water retention curves), ware cornpaxed with measured 

values. Theoretical valves agreed reasot-kzb1.y well with the measured 

values if a matching factor (the ratio of measured to computed saturated 

conductivities) was used to adjust the computed conductivities. 

Theoretical conductivities were compu~ed from a water retention 

curve for Adelanto loam and adjusted with a matching factor, The 

conductivities were divided by the slope of the water retention curve 

to obtain soil water diffusivities. The computed diffusivities were 

compared with measured soil water diffusivities and vapor diffusivities 

for this material, The computed values were in reasonable agreement 

with the measured values. 

REFERENCES : 

(1) Childs, E. C. 

1945. The water table, equipotentials, and streamlines 

in drained land. IIE. Soil Sci. 59~405-415. 

(2) Millington, R. J., and Quirk, J. 9 .  

1963. Transport in porous media. 7th Pnternatl. Cong. 

of Soil Sci. Trans. pp. 97-106. 
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Figure  1. T o t a l  head versus  d i s t a n c e  from water  t a b l e  f o r  deso rp t ion  

run  on 50-500 p sand. 
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Figure 2. Hydraulic conductivity for unsaturated 50-500 p sand. 
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U. S. Conservation L obmotory, 

Figure 3, Water retention curves obtained from pressure and water content measurements of 
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Figure 4. Diffusivities for 50-500 p sand calculated from conductivities 

and slopes of the water retention curves. 
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Figure 5. A comparison of theoretical (Millington and Quirk) and 

experimental conductivities for 50-500 p sand. 
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Figure  6. Soi l -water  d i f f u s i v i t i e s  f o r  Adelanto loam, measured and 

c a l c u l a t e d .  The ca l cu la t ed  d i f f u s i v i t i e s  were obta ined  

from c o n d u c t i v i t i e s  ca l cu la t ed  us ing  Mi l l i ng ton  and Qui rk ' s  

method and a  measured water  r e t e n t i o n  curve. 
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TITLE: FXELD APPLICATION OF FALLING-HEAD TECHNIQUE FOR SEEPAGE METERS 

AND OF DOUBLE-TUBE METHOD FOR HYDRAULIC CONDUCTIVITY MEASUREMENT 

LINE PROJECT: SWC 4-gG1 CODE NO,: Ariz.-WCL-14 

INTRODUCTION : 

The fa l l ing-head seepage meter technique fo r  measuring seepage and 

hydraulic  conductivi ty of bottom mater ia l  (see Annual Report 1962) was 

demonstrated before a group of engineers from the  S o i l  Conservation 

Service.  The demonstration was held i n  the Ferron area,  Utah, Ju ly  

22-25, 1963. A complete r epor t  of the s tud ies ,  including copies of 

da ta  sheets  and graphs f o r  processing the  f i e l d  data,  was prepared. 

The r e s u l t s  of the  measurements wi th  a b r i e f  d iscuss ion w i l l  be 
m 

presented i n  t h i s  r e p o r t ,  

Several modificat ions were made i n  the seepage meter equipment 

t o  permit more convenient and f a s t e r  measurements and t o  increase the  

a p p l i c a b i l i t y  of the  method under unfavorable condit ions such as hard 

s o i l ,  very shallow canals ,  o r  turbid  water with no v i s i b i l i t y ,  

A source of e r r o r  with the seepage meter, which i s  d i f f i c u l t  t o  

evaluate,  is the  e f f e c t  t h a t  disturbance of the bottom mater ia l ,  due 

t o  penet ra t ion  of the  meter, may have on seepage. To inves t iga te  

t h i s  e f f e c t ,  seepage r a t e s  were measured while pe r iod ica l ly  increasing 

the  depth of penetrat ion 'of  the  meter, This study was performed i n  

various d i t ches  i n  the  S a l t  River Valley, The study a l s o  y ie lded 

information regarding the  r ep roduc ib i l i ty  i n  time of the  seepage 

r a t e s .  

PROCEDURE : 

Demonstration of seepage meter i n  Utah. Fa l l ing- l eve l  measure- 

ments f o r  the  seepage meter t e s t s  were obtained with an inverted,  

vacuum U-tube manometer on the  canal  bank. In a number of cases, 

the  seepage r a t e s  were very slow and the manometer tubes themselves 

were used as the  f a l l i n g - l e v e l  r e s e r v o i r .  The locat ions  of the  

seepage meter t e s t s  a r e  described i n  Table 1, Seepage r a t e s  were 

ca lcula ted  from graphs of the  manometer readings versus time (see 

Annual Report 1961). Correct ion fo r  ve loc i ty  e f f e c t s  was s i g n i f i c a n t  

i n  three cases ( t e s t s  3, 5, and 6, Table 1 ) .  For t e s t s  3 and 6, the  
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value of the balanced flow differential head, H,, after correction for 
velocity effect was so small that Hb was considered 0 .  The hydraulic 

conductivity of the bottom material was calculated according to the 

procedure in Annual Report 1962, 

Modifications of seepage meter equipment. The three toggle bolts 

with wing nuts for fastening the lid of the seepage meter to the cylin- 

drical part, were replaced by four toggle clamps, This eliminated the 

need for proper positioning of the lid and it will save considerable 

time and effort in installing the meter in turbid water with poor 

visibility. 

A new falling-level reservoir was constructed which consisted of 

two five-inch long reservoirs with diameters of 2 and 4 inches. The 

2-inch reservoir can further be reduced to an effectively smaller 

reservoir by the use of a cylindrical insert. The reservoirs are 

connected with a three-way plug valve to the tube leading to the 

seepage meter, One position of the valve connects the seepage meter 

with the small reservoir, another with the large reservoir, and a 

third position will shut the water supply off for measurement of the 

balanced-flow differential head, H,, (see Annual Report 1962). 

The conical top of the seepage meter was replaced by a flat lid. 

As regards the possibility of air accumulation in the seepage meter 

and the connecting tube to the falling level reservoir, most of the 

air will probably escape from the bottom material when the meter is 

pushed in, At that time, however, the lid is not yet installed, so 

that the air can escape, Thus, the advantages of a conical top are 

questionable. The flat lid is not only simpler but also more suitable 

for use of the seepage meter in shallow water, For this purpose also, 

the valve and connections of the falling-level reservoirs are mounted 

sideways instead of below the reservoirs. 

To facilitate installing the meter in hard bottom materials, a 

driving device was constructed which, when in position, rests 

directly on the entire circumference of the cylindrical part of 

the meter , 
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Effect  of meter penet ra t ion  on seepa&%. Using the  improved 

seepage meter equipment, seepage was measured a t  increas ing depths 

of penetrat ion,  d, of the  meter,  The i n i t i a l  d was usual ly  l e s s  than 

one inch. Seepage was then measured one, two, o r  three  times a t  ten-  

t o  twenty-minute i n t e r v a l s .  After  tha t ,  the  seepage meter l i d  was 

removed and the  meter pushed i n  t o  a d of approximately 1-112 t o  2 

inches, e t c ,  This procedure was repeated u n t i l  three  o r  four values 

of d had been obtained.  With each seepage measurement, was a l s o  9, 
determined. The t e s t s  were ca r r i ed  out a t  11 d i f f e r e n t  locat ions  i n  

the  S a l t  River Valley, The canal  locat ions  were se lec ted  to  include 

bottom mater ia l  t h a t  consisted of uniform s o i l ,  f i n e  s o i l  over coarse 

s o i l ,  and v i c e  ve r sa ,  

RESULTS AND DISCUSSION: 

Demonstration of seepage meter i n  Utah. The seepage r a t e s  

(Table 2) were genera l ly  l e s s  than 0.5 f t /day ,  Seepage r a t e s  of a 

few f e e t  per day were measured i n  only three  cases.  On one occasion 

( t e s t  8) a negative seepage, o r  an inflow of ground water i n t o  the  

canal,  was observed. The r e s u l t s  confirmed conclusions from e a r l i e r  

seepage s tud ies  by the  S o i l  Conservation Studies using inflow-outflow 

techniques, t h a t  the  seepage r a t e s  i n  the  a rea  under inves t iga t ion  

were low. 

The r e s u l t s  of the  ca lcu la t ions  of hydraulic  conductivi ty of 

bottom mate r i a l  (Table 3) show t h a t  K i s  genera l ly  l e s s  than 0.5 

f t /day .  The bottom mate r i a l  i s  v e r t i c a l l y  f a i r l y  uniform f o r  t e s t s  

1, 2, 16, 17, and 19 (0.5 < I ~ / K  < 1.5). Rela t ive ly  coarse bottom 

mate r i a l  underlain by f i n e r  s o i l  occurs f o r  t e s t s  3, 4, 5, 6, 11, 

13, 15, and 18 (IS/K < 0.5). The reverse,  i. e.,  r e l a t i v e l y  f i n e  

bottom mate r i a l  overlying more permeable s o i l ,  occurs f o r  t e s t s  7, 

9, 10, 12, and 14 (Is/K > 1.5) .  For t e s t s  12 and 14, the  d is tance  

D of the  more permeable s o i l  below the  channel bottom was calcu- 
P 

l a t e d  assuming the  pressure below the  slowly permeable surface  ma te r i a l  

t o  be atmospheric. The high %values fo r  t e s t s  7, 9 and 10 indica ted  

the  presence of a r e l a t i v e l y  th in ,  slowly permeable surface  layer  on 

the  bottom, The hydraul ic  impedance, r of t h i s  clogged surface  layer  s "  
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was determined according t o  the  procedure described i n  Annual Report 

1962. For t e s t s  9 and LO, E$, exceeded the water depth, which ind i -  

cated a s u f f i c i e n t l y  clogged surface  layer  t o  y i e l d  negative water 

pressures below i t .  These pressures a r e  ca lcu la ted  i n  inches of water 

i n  the  l a s t  column of Table 3. 

Modifications of seepage meter equipment. Use of the  modified 

seepage meter equipment i n  the s t u d i e s  of the  e f f e c t  of meter penetra- 

t i o n  on seepage demonstrated t h a t  the  modifications accomplished the  

s e t  goals  of f a s t e r  and more convenient measurement, and b e t t e r  adapta- 

t i o n  t o  adverse canal  condit ions.  A complete cons t ruct ion  drawing 

of the  improved seepage meter equipment was prepared, 

Effec t  of meter penet ra t ion  on seepape, The r e s u l t s  of the  

s tud ies  on the  e f f e c t  of penet ra t ion  of the  seepage meter on the  

measured seepage and on H.,, a r e  shown i n  Table 4, where 1 and !$, a r e  s 
averages fo r  the t e s t s  wi th  two o r  three  r e p l i c a t e  measurements a t  

each depth of penet ra t ion ,  Examples of  complete da ta  i n  graphica l  

form a r e  shown i n  Figures 1, 2, 3 and 4.  For nine of the  eleven 

t e s t s ,  the  change of seepage with increasing depth of penet ra t ion  

of the  meter was l e s s  than 20%. 

Depending on the  s o i l  condit ions of the  canal as  r e f l e c t e d  by 

H.,,, the seepage Is can be expected t o  increase, remain constant ,  o r  

decrease with increasing d. I f ,  f o r  instance,  a clogged surface  

layer  i s  present ,  i n s t a l l i n g  the seepage meter may d i s t u r b  t h i s  layer  

along the  circumference of the  cylinder of the  meter, and I may 
S 

increase  wi th  increasing d.  An example of t h i s  e f f e c t ,  which was 

only encountered i n  t e s t  7, i s  shown i n  Figure 1. The continued 

increase  i n  !$, u n t i l  d = 2 inches i n  t h i s  t e s t  ind ica tes  t h a t  the 

thickness of the  slowly permeable layer  i s  approximately 2 inches,  

Examination of the  bottom of the  canal  showed t h a t  t h e r e  was a 

1-1/4-inch layer  of  loose s i l t  and organic ma te r i a l  overlying hard 

sandy loam. The top 3/4-inch of the  sandy loam was a l s o  slowly 

permeable as indica ted  by I-$, i n  Figure 1. 

An example of Is decreasing with increasing d i s  shown i n  

Figure 2 for  t e s t  11. The small I$, values indica ted  r e l a t i v e l y  
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coarse mater ia l  overlying f i n e r  mater ia l .  Since El,, increased with d, 

the  decrease i n  I can probably be a t t r i b u t e d  t o  compaction of  the s 
coarse mater ia l  due t o  i n s t a l l a t i o n  of  the  meter. I f  the  f i n e r  under- 

ly ing  mater ia l  had been compacted, Hb would have decreased with in-  

creasing d and t h i s  was contrary t o  what was observed, Another explana 

t i o n  f o r  the change i n  Is and Hb i n  Figure 2 could be t h a t  f i n e s  may 

s e t t l e  i n  the "quiet" water ins ide  the  seepage meter,  This e f f e c t ,  

however, would be associa ted  with time r a t h e r  than with d ,  

In most t e s t s ,  I remained r e l a t i v e l y  constant  with increasing d, s 
which a l so  showed the  rep roduc ib i l i ty  i n  time of the  seepage data  

obtained with the  technique. Constant Is while El,, increased wi th  

increas ing d was obtained f o r  t e s t s  1, 2, 3, 6, 8, 9, and 10. This 

indica ted  the  presence of slowly permeable ma te r i a l  near the surface  

of the  canal  bottom, 

For t e s t s  4 and 5, Hb was already r e l a t i v e l y  high fo r  the  smal les t  

d, indica t ing  t h a t  the  slowly permeable layer  had already been penetra- 

ted  a t  the  f i r s t  measurement of  I . For these  two t e s t s ,  subsequent 
S 

pushing i n  of the  seepage meter did not d i s t u r b  the  bottom mater ia l  

s u f f i c i e n t l y  t o  a f f e c t  the  measured seepage, Thus, i f  there  were any 

disturbance caused by the  i n s t a l l a t i o n  of the  meter, i t  must have 

happened while the  meter was pushed i n  t o  the f i r s t  value of d. 

Figures 3 and 4 g ive  examples of the  trend t h a t  was most 

frequently observed. 

SUMMARY AND CONCLUSIONS: 

A demonstration of the fa l l ing-head seepage meter technique was 

held with and f o r  the S o i l  Conservation Service i n  the  Ferron area, 

Utah, i n  Ju ly  1963. Measurement of seepage and hydraulic  conductivi ty 

of bottom mate r i a l  was made a t  19 locat ions  i n  various canals  and 

d i t ches .  For 15 locat ions ,  the seepage was l e s s  than 0.5 f t /day ,  The 

maximum seepage r a t e  observed was 6 f t /day ,  Hydraulic conductivi ty of 

bottom mater ia l  was l e s s  than 0.5 f t /day fo r  I l  loca t ions ,  The maxi- 

mum hydraulic conductivi ty observed was 24 f t /day,  which was i n  a 

sandy, gravel ly  deposi t .  The seepage a t  t h a t  loca t ion  was measured 

as zero. 
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The balanced-flow d i f f e r e n t i a l  heads indica ted  bottom condit ions 

of uniform s o i l ,  r e l a t i v e l y  coarse s o i l  over r e l a t i v e l y  f i n e  s o i l  and 

v ice  versa, and clogged surface  l aye r s .  The occurrence of a l l  four 

bottom condit ions may be c h a r a c t e r i s t i c  of o ld  canals  where erosion,  

sedimentation, and clogging have a l t e r e d  the o r i g i n a l  s o i l  condit ions.  

The demonstrations c l e a r l y  showed t h a t  the  fal l ing-head tech- 

nique i s  s u i t a b l e  f o r  rou t ine  use i n  seepage inves t iga t ions ,  In  

general ,  measurement of seepage and balanced-flow d i f f e r e n t i a l  head 

w i l l  be s u f f i c i e n t .  The seepage i s  the  quan t i ty  t h a t  i s  usually of 

most i n t e r e s t  and i t s  determination by means of a graph of the  mano- 

meter readings i s  q u i t e  simple, The measurement of the  balanced-flow 

d i f f e r e n t i a l  head, which i s  a l s o  easy t o  car ry  out ,  makes i t  poss ib le  

t o  draw q u a l i t a t i v e  conclusions regarding the conductivi ty charac- 

t e r i s t i c s  of the  bottom mate r i a l  (uniform s o i l ,  coarse ma te r i a l  over 

f i n e  mater ia l  o r  v ice  versa,  and clogged surface  l a y e r s ) ,  The calcu- 

l a t i o n  of hydraulic  conductivi ty w i l l  normally only be done f o r  some 

s p e c i f i c  purpose. 

To increase  the  u t i l i t y  of the  seepage meter f o r  rou t ine  measure- 

ment, seve ra l  changes were made i n  the  equipment, The modifications 

cons is ted  mainly of a f l a t  l i d  fastened wi th  toggle clamps t o  the 

c y l i n d r i c a l  p a r t  of the meter, an improved f a l l i n g - l e v e l  r e se rvo i r  

assembly, and an improved dr iv ing device f o r  i n s t a l l i n g  the  meter 

i n  hard bottom mate r i a l s ,  These changes r e s u l t e d  i n  f a s t e r  and more 

convenient measurement of  seepage and improved a d a p t a b i l i t y  of the 

meter t o  adverse canal  condit ions such as  tu rb id  and/or shallow 

water, o r  hard bottom mate r i a l .  

The e f f e c t  of  s o i l  disturbance due t o  i n s t a l l a t i o n  of the  

seepage meter on the  measured seepage was s tudied  by determining 

seepage r a t e s  while pe r iod ica l ly  increasing the depth of penetrat ion,  

d, of the  meter. A t y p i c a l  sequence of d was 1, 1,5, 2, and 2,5 in .  

For severa l  t e s t s ,  the  seepage, I s ,  and the  balanced-flow d i f fe ren-  

t i a l  head, Hb, were measured severa l  times a t  10 t o  20 min i n t e r v a l s  

f o r  each d .  The t e s t s  were performed i n  d i t ches  i n  the  S a l t  River 

Valley for  various condit ions of bottom mate r i a l .  For 9 t e s t s  out  
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of  a t o t a l  of 11 completed so  f a r ,  t h e  v a r i a t i o n  of  I wi th  d was s 
l e s s  than 20%. I n  one t e s t ,  an inc rease  of  I wi th  inc reas ing  d was 

S 

observed. This i nc rease  was a t t r i b u t e d  t o  d is turbance  of  a t h in ,  

clogged, s u r f a c e  l aye r .  In  another  t e s t ,  I decreased wi th  d, 
s 

probably due t o  compaction of t he  r e l a t i v e l y  coarse  bottom m a t e r i a l  

i n  which the  meter was i n s t a l l e d .  

Since I can no t  be measured wi th  the  seepage meter f o r  d = 0, s 
t he  p o s s i b i l i t y  must be considered t h a t  a l l  d i s turbance  and r e s u l t i n g  

e f f e c t  on Is takes  p lace  while  the  meter i s  pushed i n  t o  t he  f i r s t  

d-value. The gene ra l  tendency of 1 t o  vary l i t t ! e  wsth continued 
s 

i nc reases  i n  d, even when I?.,, i n d i c a t e s  continued presence of slowly 

permeable bottom ma te r i a l ,  suppor ts  the csns,Lusioa t h a t  bottom d i s -  

turbance due t o  i n s t a l l a t i o n  o f  t he  Tempe seepage meter has an 

i n s i g n i f i c a n t  e f f e c t  on the  seepage,  Also, s i n c e  some measurements 

were c a r r i e d  out  f o r  s e v e r a l  hours per  seepage meter i n s t a l l a t i o n ,  

t he  s tudy demonstrated t h a t  the  r e s u l t s  ob ta ined  wi th  the  f a l l i n g -  

head seepage meter technique a r e  reproducib le  i n  time. The s tudy 

w i l l  be continued and more t e s t s  w i l l  be made. 

PERSOHNEL: Herman Bouwer and R. C.  Rice.  
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Table 1 .  Location of seepage meter t e s t s ,  Ferron, Utah, 

Teat No, Date Location 

l 7-23 Ferron South, #I 

2 7-23 Ferron South, a2 

3 7-23 King Ditch, above 2nd main flume 

4 .  7-23 Peterson Ditch, #l, Clyde Conover owner 

, 5 1  7-24 Peteraon Ditch,$P, E l l i s  Wild owner 

6 7-24 Peterson Di~ch&, Ellis W%bd own 

\ t 
7 7-24 Molen Ditch, 411, 100 yd below upper flume 

J 
7-24 Molen Ditch, #2, 100 yd below upper flume 

/ 

9 7-24 Molen Ditch, 113, 1/4 m i  below upper flume' 

10 7-24 Molen Ditch, #4, 3/8 m i  below upper flume 

11 , 7-24 Mblen Ditch, 95, 3/8 m i  below upper flume 

12 " 7-24 len Ditch, 116, 3/8 m i  befow upper flume 

13 7-24 Molen Ditch, 117, above Canyon Rd,, 100 yd above 
upper flume 

14 7-24 Molen Ditch, #8, above Canyon Rd., 100 yd above 
upper flume 

15 7-25 FerronNorth, #l, belowbridge 

116 7-25 Ferron North, 82, below bridge 

117 7-25 Ferron North, #3, below bridge 

18 ' 7-24 Ferron North, .#4, above bridge 
I 89 7-29 IFerron North, 
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Table 2.  Calculation of seepage rates, Ferron, Utah 

Test No. Radiuaof Radius of Fall in Seepage 
aeepage met r reservoir reservoir IspO, ft/day 
Re, inches Rv' inches fi, dn/mias 
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Table 3. Calculation of hydraulic conductivity information, Ferron, 
Utah. 

14 1.0 11 4.5 1.67 0.12 1. 

15 1,25 24 0 1.50 0.21 0 . . 
16 2.0 14 4.4 1.18 0,28 1.0 

17 1,s 14 4.8 1837 0.11 1. 

18 1.25 18 0 1,SO 0.11 0 

' + .  

$ = balanced-flow differential head 
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Table 4. Effect of depth of penetration of seepage meter on I and %. 
S 

Test and h 
W Duration 1. 2n 

No. 7 1 14e3 

No. 8 91.3 

0.83 hr 

No. 9 11.4 

No. 10 T 

1/ Average for each depth of penetration. - . Annual Report of the U.S. Water Conservation Laboratory



1030 1050 Time 1110 1130 

Figure 1. Test showing I inc reas ing .wi th  d .  
S . t 
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1400 - - 
* . -  . . . * 
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- '. 
. - . - .  . - 

.. . . . Figure 2 ; ~ e s  t - showing I decreasing 
s 
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Test No. 9 

1320 Time 1340 

Figure 3 .  Test showing Is -essent ia l ly  constant with. d and Hb constant a f t e r  the 

f i r s t  increment of d. Annual Report of the U.S. Water Conservation Laboratory
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Figure 4. Test showing I constant and Hb increasing with d. 
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TITLE: INSTRUMENTATION FOR TURBULENT TRANSFER STUDIES 

LINE PROJECT: SWC 4-gG2 CODE NO.: Ariz.-WCL-16 

INTRODUCTION: 

Evaporation from the earth's surface accounts for the greatest 

loss of potentially available water. The evaporative process is 

primarily controlled by meteorological processes which supply the 

required energy and transport the water vapor. In order to control 

or reduce evaporative loss, a more complete understanding of the 

energy exchange and turbulent transport mechanisms and their complex 

interrelationship with the soil-plant continuum is required. This 

can be accomplished only by precise and extensive measurements of 

micrometeorological elements and evaporative flux so that a rational, 

physical correlation can be derived. 

Several theories have been advanced for predicting the evapo- 

rative flux such as the eddy correlation, aerodynamic and energy 

balance techniques. None have been tested adequately under conditions 

of agricultural interest, Some require instrumentation which is 

difficult to maintain operational under field conditions. Previous 

studies (1) indicated that the Bowen equation provided satisfactory 

determinations of the evaporative flux from water and wet bare-soil 

surfaces for short periods of time. Ta~lner (2) has successfully 

used a modification of the Bowen equation over crop surfaces. This 

modification has not been tested for less than 1-day periods. 

Preliminary testing at the U. S. Water Conservation Laboratory 

indicated that the modified version of the Bowen equation appeared 

most promising for determining short-period evaporative flux. 

Therefore, specialized instrumentation was developed for further 

testing of the method. 

The modified version of the Bowen equation requires measurements 

of net radiation, soil heat flux, and gradients of air temperature 

and water vapor. Instrumentation is readily available for measuring 

net radiation and soil heat flow. Net radiometer improvements are 

still being made and will be reported under WCL-6. lsnsrrumentati.on 

is not readily available for measuring air-temperature and vapor-pressure 
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gradients. These two elements should be sampled spatially and 

continually . The sampling and accuracy required limit the ins trumen- 

tation that can be used. An air-sampling tower was developed for 

this purpose. The tower and the sensors are discussed, along with 

other instrumentation. 

PROCEDURES : 

(1) Air-sampling tower. During periods of light winds, vertical 

convection cells may exist; therefore, point-sampling of gradients of 

air temperature and water vapor may lead to erroneous results. The 

gradients must be sampled spatially. Spatial sampling imposes many 

problems, the foremost of which is the movement of low millivolt 

signal cables, vacuum lines, and water supplies through space. To 

accomplish this, a sampling tower was designed, tested, and redesigned. 

The complete tower now weighs 85 pounds; consequently, is considered 

quite mobile. The tower (shown in Figure 1) consists of a vertical 

post upon which a rotating head is placed. The head is driven by 

two 4-rpm Hurst synchronous reversible motors (Figure 2). The height 

of the head above the surface is adjustable from zero to 10 feet. To 

the head is attached a 10-foot horizontal boom which sweeps through 

space as the head rotates about the vertical post. Mounted on the 

end of the boom is the differential psychrometer. 

The differential psychrometer with cover removed is shown in 

Figure 3. The two intakes (35-cm distance apart) sample air from the 

bottom - thus reducing the possibility of internal reflection of 
solar radiation, and dust and rain entering into the sensors. 

Located immediately behind the sensor intakes is a motorized 4-way 

valve. Behind the 4-wave valve and below the polarity reversing 

relay is located the differential air-temperature element. Behind 

the polarity reversing relay is located the water-supply control, 

and immediately beneath it is the differential psychrometer. The 

wick surrounding one of the two- junction thermopiles is shown in 

the figure. In practice, all that is required in way of measure- 

ments is the average wet-bulb temperature, the differential wet- 

and dry-bulb temperature. The differentials must be measured precisely. 
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The d i f f e r e n t i a l  s i g n a l s  a r e  connected t o  Speedomax-H Azar recorders ,  

whdch have 1000-ohm t r ansmi t t i ng  s l i dewi re s  ( see  F igure  4 ) .  The s l i d e -  

wi res  a r e  connected t o  Royson Lectrocount II i n t e g r a t o r s .  The output  

of t he  i n t e g r a t o r s  c o n s i s t i n g  of con tac t  c lo su res  i s  connected t o  two 

counters  of t h e  wind- reg i s t e r  system. Thus, the  i n t e g r a l  of the  

d i f f e r e n t i a l  temperatures  is  obtained dur ing  t h e  per iod  between 

p r i n t o u t s .  Afker t he  micrometeorologieal d a t a  handl ing system p r i n t s  

ou t  t he  i n t e g r a l  i n  d i g i t a l  form, a r e s e t  command i s  given t o  the  

4-way valve,  which r eve r se s  t he  in t akes  r e l a t i v e  t o  each psychrometer 

and a l s o  r eve r se s  t he  p o l a r i t y  of t h e  d i f f e r e n t i a l s .  While t h i s  i s  

going on, t he  h o r i z o n t a l  arm con t inua l ly  sweeps ou t  a 180-degree a r c ,  

wi th  one sweep r equ i r ing  10 minutes t o  complete, I n v e s t i g a t i o n  of 

divergence, edge e f f e c t s ,  and d i r e c t  comparison of d i f f e r e n t  su r f aces  

r equ i r e s  a t  l e a s t  two air-sampling towers.  The second tower i s  now 

near ing  completion and should be ope ra t iona l  i n  January of 1964. 

(2)  Dew probes.  Measurement of the vapor-pressure g rad ien t s  requi red  

f o r  the  modified Bowen equat ion  i s  no t  easy under f i e l d  condi t ions .  

Psychrometers a r e  d i f f i c u l t  t o  maintain o p e r a t i o n a l .  I n  an e f f o r t  t o  

u t i l i z e  a s impler  instrument ,  two Honeywell dew probes were t e s t e d .  

Severa l  t e s t s  were made; however, only the  f i n a l  t e s t  i s  descr ibed .  

To measure the  g rad ien t  very p rec i se ly ,  the  instruments  must be 

exchanged every readout .  The instrument must have a time cons tan t  of 

l e s s  than 2 minutes i f  an i n t e g r a t e d  s i g n a l  i s  t o  be  obtained between 

p r i n t o u t s  of t he  d a t a  handl ing systems. 

Two Honeywell dew probes, No. SSP129Z005, were mounted i n  housings 

t o  be used under f i e l d  cond i t i ons .  The a i r  flowing through each 

housing was measured wi th  a F i she r  flow meter.  Moist a i r  was passed 

through one dew probe, while  the  a i r  passing through the  o t h e r  dew 

probe was f i r s t  d r i e d .  The 66- and 95-percent time cons tan t  was 

determined a t  va r ious  flow r a t e s  along wi th  the  average temperature 

i nd ica t ed  by the  dew probes.  The r e s u l t s  a r e  shown i n  t h e  aEtached 

Figure  5 where the  equi l ibr ium time and t h e  average output  time f o r  

the  two dew probes a r e  p l o t t e d  a s  a func t ion  of t he  a i r  flowing p a s t  
- 1 

each probe. A t  20 l i t e r s  min the  95-percent change requi red  3 minutes,  
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whi le  the  66-percent change requi red  1 minute and 20 seconds. The 

average m i l l i v o l t  ou tput  decreased from 0.78 mv a t  a flow r a t e  of 
- 1 - 1 4 l i t e r s  min t o  6.55 mv a t  a flow r a t e  of 20 l i t e r s  min , The 

decrease  i n  t he  average temperature amounted t o  0.125 mv, o r  approx- 

imately 3 6 .  From these  d a t a  i t  was concluded t h a t  i n  order  t o  achieve a 

time cons tan t  of approximate ly ' l  minute, a very l a r g e  flow r a t e  would 

be  r equ i r ed ,  The l a r g e  flow r a t e  would in t roduce  an e r r o r  i n  t he  

dewpoint temperature measurement, consequently,  would in t roduce  an  

e r r o r  i n  the  measured vapor pressure ;  t he re fo re ,  t he  Honeywell dew 

probes were not  considered s a t i s f a c t o r y  when a small  time cons tan t  i s  

r equ i r ed ,  They would be s a t i s f a c t o r y  f o r  measurement of p r o f i l e s  i f  

t he  instruments  were exchanged every 15 minutes and p r in t ed  ou t  a t  

15-minute i n t e r v a l s ,  t h e  n a t u r a l  time cons tan t  of t he  instruments  being 

approximately 12 minutes.  

(3)  Data a n a l y s i s .  Micrometeorological research  r equ i r e s  f requent  

measurement of a l a r g e  number of elements over an  extended period of 

t ime.  Consequently, cons iderable  volume of d a t a  i s  r a p i d l y  acquired.  

It i s  d e s i r a b l e  t o  be a b l e  t o  analyze the  d a t a  quickly,  e f f i c i e n t l y ,  and 

economically.  To achieve t h i s  ob jec t ive ,  a program was w r i t t e n  f o r  t he  

GE225 computer. This program conta ins  t he  fol lowing genera l ized  l i n e a r  

equat ion  : 

Equation I i s  the  equat ion  t o  be solved.  Channel A and channel B 

a r e  inputs  from the  d a t a  handl ing system; C, D, and E a r e  any 

cons t an t .  Equations J,  K, and L a r e  previous s o l u t i o n s  a t  t h e  same 

time p r i n t o u t ,  and m i s  any i n t e g e r .  F1 and F2 a r e  f l a g s .  When 

f l a g  F1 i s  used, t he  computer w i l l  provide from memory the  func t ion  

of - a t  e i g h t  d i f f e r e n t  atmospheric p re s su re s ,  w i l l  provide 
y f s  

conversions from EMF t o  degrees cent igrade  us ing  the  Nat iona l  

Bureau of Standards thermocouple conversion t a b l e s ,  w i l l  convert  
4 4 degrees of cen t ig rade  t o  aT , and oT t o  degrees of cen t ig rade .  
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The use of the program requires identification of the variables in the 

generalized linear equation. As many as 100 Equation 1's can be solved 

in a run. The equations and the paper tape input are supplied to the 

processing center and are fed directly to the computer without consulting 

a programmer, 

Samples of the types of solutions which can be obtained from the 

generalized linear program are given in Equations 2, 3, and 4: 

LE is the evaporative flux determined with the modified Bowen equation, 

R is the net radiation, S is soil heat flow, Sf is the change in energy n 
storage above the soil heat-flow transducer, is used to convert 

Y + s  
wet-bulb temperature gradients into vapor-pressure gradients, ATa is 

the gradient of the air temperature, and AT is the gradient of the wet- 
W 

bulb temperature. 

Sf = 5 x 0.5 x 0.5 
time sampled 

S' is the change in energy storage above the heat-flow transducer, 

T is the surface temperature, T is the 5-cm temperature, and 
s 5 

b and e represent the beginning and ending of the period. 

T represents the temperature determined radio metric ally,^ and 0 
r 
represent the emissivity and the Stefan-Boltzmann constant, C is 

the calibration constant, T is the absolute temperature to the 

fourth power, R is net radiation, and R is the reflected 
n su 

solar radiation. 
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U t i l i z i n g  t h i s  genera l ized  l i n e a r  equat ion,  complete d a t a  a n a l y s i s  

can be obtained on an overnight  b a s i s ,  and the  c o s t  of such a n a l y s i s  

i s  very much l e s s  than would be requi red  i f  the  same amount of d a t a  

was computed by hand, For example, i n  one experiment 39 channels 

of d a t a  were recorded every 15 minutes f o r  two days. Eighty-two 

equat ions were used t o  analyze the  39 channels of d a t a .  A t o t a l  of 

15,744 b a s i c  c a l c u l a t i o n s  were made, 3936 hourly averages and 164 

d a i l y  t o t a l s  were computed, f o r  a grand t o t a l  of 19,844 usable  ca lcu-  

l a t i o n s .  The two days of d a t a  c o s t  $80 t o  analyze, o r  approximately 

$0.004 cen t  pe r  p r i n t e d  answer. A11 c a l c u l a t i o n s  a r e  made with 

four-decimal-point accuracy. The answers a r e  columnated by parameter 

with s i x  columns per  page, and th ree  copies  of each page a r e  suppl ied .  

The genera l ized  l i n e a r  program has proven t o  be  a very worthwhile 

t o o l  i n  analyzing micrometeorological d a t a  r a p i d l y  and economically. 

(4) Var iab le- res i s tance ,  m i l l i v o l t  source ,  I n  o rde r  t o  proper ly  

connect f i e l d  sensors  t o  t he  micrometeorological d a t a  handl ing 

systems, a v a r i a b l e - r e s i s t a n c e  millivokt source was deemed necessary  

f o r  s e v e r a l  reasons .  The most importank reasons a r e :  f i r s t ,  t o  

i n su re  t h a t  t he  cab le s  a r e  connected t o  g ive  t h e  r i g h t  p o l a r i t y ,  

connected t o  t he  proper channels,  and t o  i n su re  t h a t  s t r a y  m i l l i v o l t  

s i g n a l s  a r e  not  be ing  picked up; secondly, t o  a d j u s t  vo l t age  d i v i d e r s .  

The f i r s t  reason i s '  obvious. The second reason i s  no t  so  obvious, 

and a f u r t h e r  explana t ion  i s  necessary .  Since some of the  micro- 

meteorological  sensors  have ou tpu t s  which exceed the  range of the  

recorder ,  and s i n c e  some have d i f f e r e n t  c a l i b r a t i o n  f a c t o r s ,  it  is  

necessary t o  s c a l e  t he  input  vo l tage  t o  match the  recorder  range 

s o  t h a t  the  analog output  i s  i n  terms of s tandard  phys i ca l  u n i t s  o r  

some easy mul t ip l e  t he reo f .  To accomplish t h i s ,  a va r i ab l e - r e s i s t ance  

m i l l i v o l t  source which can genera te  a s i g n a l  over a r e s i s t a n c e  

comparable t o  t h a t  of t he  t ransducer  i s  needed. For example, i f  
- 1 

a pyrhel iometer  had a c a l i b r a t i o n  cons tan t  of 10 mv l y  min and 

an i n t e r n a l  r e s i s t a n c e  of 10 ohms, the  m i l l i v o l t  source would be 

ad jus t ed  t o  y i e l d  a 1 0 - m i l l i v o l t  output  ac ros s  a r e s i s t a n c e  of 

10 ohms, The m i l l i v o l t  source i s  c a r r i e d  i n t o  the  f i e l d ,  plugged 
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i n t o  the  cable  i n  p l ace  of t he  sensor ,  and the  vo l t age  i s  sca led  down 

wi th  a  vo l t age  d i v i d e r  loca ted  i n  the d a t a  handl ing system so  t h a t  t he  

analog output  i s  equ iva l en t  t o  500 d i g i t s  ly-' min. 

The schematic f o r  t he  va r i ab l e - r e s i s t ance  m i l l i v o l t  source i s  shown 

i n  Figure 6 ,  Bas i ca l ly ,  i t  c o n s i s t s  of a  Mallory mercury b a t t e r y ,  
5  4 

3-10 ohm r e s i s t a n c e  s t e p s ,  9-10 ohm s t eps ,  and one 10-term 
4 

potent iometer  having a  r e s i s t a n c e  10 ohm. The output  r e s i s t a n c e  i s  

ad jus t ed  with a  10-term potent iometer  having 100-ohm r e s i s t a n c e .  

The v a r i a b l e - r e s i s t a n c e  m i l l i v o l t  source i s  capable of genera t ing  a  

m i l l i v o l t  s i g n a l  ranging from 0,006 mv t o  10 mv a t  1 ohm t o  from 

0 .4  mv t o  10 mv a t  100-ohm source ,  The va r i ab l e - r e s i s t ance  m i l l i v o l t  

source has  proven t o  be a  very va luable  t o o l .  

(5) Wind r e g i s t e r  system. The wind r e g i s t e r  system descr ibed  i n  t he  

1961 annual r e p o r t ,  c o n s i s t i n g  of 9  Veedar-Root electromechanical  

counters ,  d i d  no t  prove s a t i s f a c t o r y  i n  t h a t  t he  readout  device  of 

the  counters  r equ i r ed  con t inua l  r e p a i r .  Consequently, another  wind 

r e g i s t e r  system was designed which u t i l i z e d  C .  P .  Clare  type 210 

s tepping  switches wi th  2 nonbridging l e v e l s ,  10 p o i n t s  per  l e v e l ,  

1 form C i n t e r r u p t e r ,  and 1 form C off-normal con tac t  assembly, 

furn ished  wi th  overs ized  i n d i c a t i n g  wheel and base mounting b racke t s .  

Four switches were connected i n  s e r i e s ,  forming one 4 - d i g i t  counter .  

The wind r e g i s t e r  system wi th  t h e  f r o n t  pane ls  removed i s  shown 

i n  F igure  7 .  Each row of s tepping  switches r ep re sen t s  two counters .  

The counters  a r e  wired so  t h a t  each u n i t  switch has a  load r e s i s t o r  

i n  s e r i e s  wi th  the  c o i l  t o  prevent  overheat ing during per iods  of 

cons tan t  ene rg i za t ion ,  and a l l  con tac t s  a r e  pro tec ted  wi th  a  

c a p a c i t o r - r e s i s t o r  spark suppressor .  The counters  a r e  operated by 

in te rmedia te  Potter-Brumfield RS5D, 6-VDC re l ays ,  shown i n  lower 

r i g h t  . 
The ope ra t ion  mode is  a s  fol lows:  The counters  count u n t i l  

t he  system begins t o  p r i n t  out  t he  l i n e s ,  which inc lude  the  counter  

d a t a .  The counting a c t i o n  i s  then  in t e r rup ted ,  t he  counters  a r e  

read out ,  and a  r e s e t  command (approximately 10 seconds) i s  given 

by the  system which causes t he  s tepping  switches i n  each counter  t o  
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r e s e t  s e q u e n t i a l l y .  The counting a c t i o n  i s  then resumed, A l l  counters  

may be turned on and o f f  and may be connected t o  con tac t  c lo su res  v i a  

banana plugs on t h e  f r o n t  pane l .  Two wind r e g i s t e r  systems have been 

b u i l t ,  one t o  be used wi th  the  micrometeorological d a t a  handling system 

loca ted  i n  t h e  lys imeter  room, the  o t h e r  t o  be used wi th  the  da ta  

handl ing system i n  t h e  mobile micrometeoro1.ogical l abo ra to ry .  

(6) Determination of evaporat ion from a f ree-water  su r f ace  us ing  the  

modified Bowen equat ion .  Four s tock  tanks,  approximately 3 f e e t  deep 

and 9 f e e t  i n  diameter ,  a r e  loca ted  a t  t h e  U. S .  Water Conservation 

Laboratory. These tanks had been used t o  s tudy evaporat ion suppressants ,  

Since these  tanks were r e a d i l y  a v a i l a b l e ,  an experiment was conducted 

t o  determine i f  t he  modified Bowen equat ion  would p r e d i c t  evaporat ion 

from a very small  f ree-water  su r f ace .  

Net r a d i a t i o n ,  s o l a r  r a d i a t i o n ,  r e f l e c t e d  s o l a r  r a d i a t i o n ,  and t o t a l  

hemispherical  r a d i a t i o n ,  bo th  upward and downward, were measured over 

t he  tank.  Water temperatures  were measured a t  t he  su r f ace  and a t  10, 

20, 40, and 80 cm. The s u r f a c e  temperature was measured by f a s t en ing  

a thermocouple t o  a styrofoam block so t h a t  t he  thermocouple junct ion 

was j u s t  touching the  s u r f a c e  of the  water .  The psychrometers were 

loca ted  a t  5 and 40 cm above t h e  water su r f ace  of t h e  tank. Evaporation 

from t h e  tank was measured us ing  a po in t  gage. 

The experiment was conducted f o r  only one day. Unfortunately,  t h e  

day was not  t he  most d e s i r a b l e .  The sky was c l e a r  p r i o r  t o  0700, 

becoming cloudy wi th  showers occurr ing  a t  0800. I n t e r m i t t e n t  c loudiness  

preva i led  the  r e s t  of t he  day. Resul t s  of t h i s  experiment a r e  summarized: 

Flux, 21 August 1963 
- 1 

langleys  day 

Evaporation, measured (LE) . . . . . . . . . . . . , . . . . . . . . . .  -3 27 
Evaporation, es t imated  wi th  the  

modified Bowen equat ion  (a) . . . . . . . . . . . . . .  .... . -265 
Net r a d i a t i o n  (R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

n 
15 0 

Energy s t o r a g e  i n  t h e  water  (W) . . . . . . . . . . . . . . . . . .  141 
Sens ib le  h e a t  f l u x  (A,) over a water s u r f a c e . . . . . .  3 6 
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Although these  t o t a l s  do not  r e f l e c t  the  f a c t ,  t h e  evaporat ion r a t e s  

occurr ing  during the  n i g h t  and the  day a r e  of comparable magnitude, 

wi th  the  energy suppl ied  by t h e  water wi th in  t h e  tank f o r  t h e  noc turna l  

evaporat ion.  

The geometry of t he  tanks i s  such t h a t  t he  change i n  energy of t h e  

water cannot be adequately measured; i . e . ,  the  a r e a  of t he  s i d e s  is l a r g e  

compared t o  t h a t  of t h e  bottom. The d i u r n a l  h e a t  wave pene t r a t e s  t o  t h e  

bottom of t he  tank so the  hea t  flow out  t he  bottom of t h e  tank must be 

measured; however, t he  h e a t  flow ou t  the  s i d e s  of t he  tank cannot be  

neglec ted  because of t h e  l a r g e  s i d e  a r e a .  Furthermore, the tanks a r e  

shal low enough t h a t  t he  r a d i a n t  energy pene t r a t e s  t o  the  bottom of the  

tank and i s  converted i n t o  s e n s i b l e  h e a t  a t  t h i s  po in t .  This apparent ly  

causes convection c u r r e n t s  w i th in  the  tank, making eva lua t ion  of t h e  

energy s to rage  i n  t he  tank very d i f f i c u l t  from temperature measurements, 

The conclusion can be drawn t h a t  t he  Bowen equat ion  appeared t o  * 

work over such a small  s u r f a c e  a r e a .  However, t he  e r r o r  i n  measurement 

of some 70 l y  out  of 320 is  p a r t i a l l y  due t o  thy i n a b i l i t y  t o  measure 

t h e  energy s t o r a g e  i n  t h e  water l aye r .  

(7 )  Tes t ing  the  modified Bowen equat ion .  During the  ca lendar  year  1963, 

s e v e r a l  t e s t s  were conducted t o  determine how c l o s e l y  the  modified Bowen 

equat ion  would e s t ima te  t h e  evapora t ive  and s e n s i b l e  h e a t  f l u x .  

Bas i ca l ly ,  t he  Bowen r a e i o  c o n s i s t s  of a s ta tement  of t he  r a t i o  of 

s e n s i b l e  h e a t  t o  l a t e n t  hea t ,  a s  

which i s  equal  t o  

where f3 i s  t h e  Bowen r a t i o ;  A i s  t he  s e n s i b l e  h e a t  f l u x ;  LE i s  t he  l a t e n t  

h e a t  f l u x ;  C i s  s p e c i f i c  heatof  a i r  a t  cons t an t  p re s su re ;  K i s  t he  
P H 

t r a n s f e r  c o e f f i c i e n t  f o r  s e n s i b l e  h e a t ;  T i s  temperature; Z i s  he igh t ;  

L i s  t h e  energy requi red  t o  vapor ize  one gram of water ;  K i s  the  t r a n s f e r  
W 
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c o e f f i c i e n t  f o r  l a t e n t  h e a t ;  and Q is  the  s p e c i f i c  humidity. When the  

g rad ien t s  a r e  measured over t he  same d i s t ance  and an assumption i s  made 

t h a t  t he  r a t i o  of t he  t r a n s f e r  of s e n s i b l e  h e a t  c o e f f i c i e n t  t o  l a t e n t  

hea t  c o e f f i c i e n t  i s  one, f3 i s  equal  t o  yAT/AQ, where y i s  t he  psychrometric 

cons t an t .  The Bowen r a t i o  i s  then  s u b s t i t u t e d  i n  t he  energy balance 

equat ion  

wi th  the  r e s u l t  t h a t  LE i s  equal  t o  a  -(R + S) 1 + f3. I f  psychrometers 
n  

a r e  used t o  measure the  vapor pressure  i n s t ead  of s p e c i f i c  humidity, the  

equat ion may be r e w r i t t e n  i n  the  form of 

where y i s  def ined  a s  t he  psychrometric cons t an t  and S i s  def ined  a s  

0.63 times the  s lope  of t h e  s a t u r a t i o n  vapor-pressure curve i n  the  

psychrometric t a b l e s  over t he  atmospheric pressure  (P ) .  The l a s t  equat ion 

was used t o  t e s t  t he  modified Bowen equat ion .  These da t a  a r e  summarized 

i n  Table 1. 

I n  d i scuss ing  these  d a t a  by s e r i e s ,  i t  i s  ev ident  t h a t  t he  modified 

Bowen equat ion  d i d  no t  determine the  a c t u a l  evapora t ive  f l u x  wi th  a  

reasonable degree of accuracy i n  A l f a l f a  1. A comparison of d a i l y  and 

day l igh t  t o t a l s  i n d i c a t e s  t h a t  t he  measurement of R + S i s  no t  
n  

s e n s i t i v e  enough during the  nocsurnal  hours .  The g rad ien t s  of 

temperature and wet bulb appear t o  have the  r i g h t  s ign .  It appears 

t h a t  t he  small  e r r o r  involved i n  measuring e i t h e r  n e t  r a d i a t i o n  br 

s o i l  h e a t  flow causes t h e  s i g n  of t h i s  term t o  be wrong, g iv ing  a  

p o s i t i v e  s i g n  f o r  LE. Therefore,  j u s t  the  day l igh t  d a t a  a r e  t o  be 

d iscussed .  Future  i n v e s t i g a t i o n s  a r e  t o  be conducted t o  determine the  

source e r r o r  i n  measurement of both R and S during the  noc turna l  
n  

hours .  
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I n  d i scuss ing  t h e  day l igh t  d a t a  f o r  A l f a l f a  1, it appears  t h a t  

t h e  modified Bowen equat ion  d id  no t  e s t ima te  t he  f l u x  wi th  a reasonable 

degree of accuracy,  Even though the f l u x  was small ,  t h e  abso lu t e  e r r o r  

amounted t o  60 l y  f o r  t h e  day l igh t  per iod ,  The g r a d i e n t s  f o r  t hese  

c a l c u l a t i o n s  were measured a t  17 and 56 em above t h e  crop su r f ace ,  

These d a t a  were c o l l e c t e d  us ing  a temporary psychrometer arrangement, 

wi th  t he  psychrometer p o s i t i o n s  being manually interchanged every 

30 minutes,  while  t h e  d a t a  were c o l l e c t e d  au tomat ica l ly  a t  5-minute 

i n t e r v a l s .  It appears  t h a t  t h e  g rad ien t s  of a i r  temperature and wet 

bulb were measured a t  too g r e a t  a he ight  above t h e  crop su r f ace ;  

consequently,  d id  n o t  r e f l e c t  t h e  t r u e  g rad ien t s  which r e g u l a t e  t h e  

f l u x  of s e n s i b l e  and l a t e n t  h e a t .  

By 10 A p r i l  i n  the  A l f a l f a  3 run, t h i s  temporary psychrometer 

arrangement had been rep laced  with an automatic device t h a t  was 

descr ibed  i n  t he  1962 Annual Report.  B r i e f ly ,  t h e  sampling tower 

a t  t h i s  time cons i s t ed  of a 10-foot h o r i z o n t a l  arm mounted on a 

v e r t i c a l  support ,  t h e  arm being motor-driven t o  sweep out  a 180- 

degree a r c  i n  10 minutes ,  D i f f e r e n t i a l  psychrometers were mounted 

on each end of a 60-inch arm which was a t t ached  a t  r i g h t  angles  t o  

t he  h o r i z o n t a l  arm. The h o r i z o n t a l  arm was then motor-driven t o  

interchange each sensor  and he igh t  a f t e r  t he  micrometeorological d a t a  

handl ing system had p r i n t e d  o u t  t he  d a t a ,  This system d id  n o t  prove 

s a t i s f a c t o r y  i n  t h a t  sometimes the  h o r i z o n t a l  arm d id  n o t  r o t a t e  upon 

the  command from the  d a t a  handl ing system, Also, d i f f i c u l t y  was encoun- 

t e r e d  i n  keeping the  psychrometer wicks wet,  Therefore,  t he  d a t a  

presented a r e  f o r  per iods  when i t  appeared t h a t  everything was working. 

Using t h i s  tower i n  A l f a l f a  3 on 10 Apr i l  and a 5- and 40-cm g rad ien t  

above the  crop su r f ace ,  an e r r o r  of e s t ima te  of 4 percent  - o r  i n  

abso lu t e  terms, 9 l y  - was obta ined .  A l f a l f a  3 was a two-height s tudy  

i n  which the  a r e a  west of lys imeter  1 and lys imeter  2 were of the  same 

he ight ,  being 13 cm, while  t he  a l f a l f a  on lys imeter  3 and t h e  a r e a  e a s t  

of t he  lys imeter  was 35 cm. 

I n  A l f a l f a  4 on 22 Apr i l ,  t he  e r r o r  of e s t ima te  was 1 percent  o r  

2 l y .  This was a three-he ight  study i n  which the  a l f a l f a  west of 
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lys imeter  1 and lys imeter  1 was 10 cm; t h e  a l f a l f a  on lys imeter  2 

was 30 cm, and t h e  a l f a l f a  on lys imeter  3 was 50 cm. On 23 A p r i l  t h e  

e r r o r  of e s t ima te  was a -1 percent ,  amounting t o  3 l y ,  

During A l f a l f a  7 t he  e r r o r  of e s t ima te  increased t o  a -13 percent  

on both  3 and 4 J u l y .  I n  t h i s  case  t h e  5- and 40-cm g r a d i e n t s  were 

s t i l l  used. The d a t a  were p r i n t e d  ou t  a t  5-minute i n t e r v a l s .  This  

was a three-he ight  s tudy i n  which lys imeter  1 was 16 cm, lys imeter  2 

was 20 cm, and ly s ime te r  3 was 49 em, On both of t hese  days, the  
- 1 

s e n s i b l e  h e a t  f l u x  was q u i t e  l a rge ,  over 200 l y  day , which may 

p a r t i a l l y  exp la in  t h i s  underest imation of the  l a t e n t  h e a t  f l u x  by 

13  percent .  Another probable explana t ion  is the  f a c t  t h a t  t he  a r e a s  

t r e a t e d  s i m i l a r l y  were only  15 meters  wide, and t h e  wind p r o f i l e  may 

not  have ad jus t ed  t o  t h i s  new roughness, 

I n  A l f a l f a  6, 20 June, t he  e n t i r e  f i e l d  was t r e a t e d  s i m i l a r l y  and 

the  a l f a l f a  was 30-cm t a l l .  The modified Bowen equat ion  underestimated 

t h e  evapora t ive  f l u x  by 5 percent  on 20 June, and by 8 percent  on 

21 June.  The d i f f e r e n c e  i n  t he  underest imation between 20 and 21 June 

may be due t o  t h e  d i f f e r e n c e  i n  advect ion.  On t h e  20th of June wi th  
- 1 

the  average wind speed of 135 cm sec  , t h e  s e n s i b l e  h e a t  f l u x  was 

170 ly ,  while  on t h e  21st  of June wi th  t h e  average wind speed of 

192 cm sec - l ,  t h e  s e n s i b l e  hea t  f l u x  was nea r ly  300 l y  . 
I n  A l f a l f a  9 t h e  modified Bowen equat ion underest imated t h e  f l u x  

aga in  by 1, 5, and 17 percent  on 25, 26, and 27 June, r e s p e c t i v e l y .  

These d a t a  were c o l l e c t e d  over a dry s tubb le  f i e l d  where the  

evapora t ive  f l u x  was indeed small  so t h e  abso lu t e  e r r o r s  were 1, 8, 

and 35 ly ,  r e s p e c t i v e l y .  Again we n o t i c e  t h a t  t h e  g r e a t e r  under- 

e s t ima t ion  occurs  wi th  the  g r e a t e r  wind speed; t h a t  is, the  17 percent  
- 1 

was a s soc i a t ed  with an average wind speed of 225 cm s e c  . 
The d a t a  from A l f a l f a  6 and A l f a l f a  9 i n d i c a t e  t h a t  as wind speed 

increases  above 150 cm s e c - l ,  the  underest imation inc reases .  This may 

be due t o  t h e  f a c t  t h a t  t h e r e  i s  a cons iderable  h o r i z o n t a l  advec t ion  

and t h a t  t he  upper sensor  is  n o t  loca ted  with r e spec t  t o  t h e  t r u e  

g rad ien t  of t r a n s p o r t .  

Annual Report of the U.S. Water Conservation Laboratory



I n  A l f a l f a  10, 8 and 9 August, t he  average e r r o r s  of e s t ima te  

were 1 and 7 percent  f o r  t he  8 t h  and 9th,  r e spec t ive ly .  These e r r o r s  

r ep re sen t  3 and 29 l y ;  aga in  the  g r e a t e s t  underest imation appears  t o  be 

r e l a t e d  t o  t h e  s t ronge r  wind speed. 

I n  summary, it  appears  t h a t  t h e  modified Bowen equat ion  can be  

used t o  determine t h e  evapora t ive  f l u x  during per iods  of l i g h t  wind 
- 1 

( l e s s  than 100 cm sec  ) with  an e r r o r  l e s s  than  5 percent .  As t h e  

average wind speed inc reases  t o  150 cm sec-', t he  e r r o r  of e s t ima te  

i s  l e s s  than 10 pe rcen t ,  The e r r o r  of e s t ima te  i nc reases  t o  l e s s  
- 1 

than 20 percent  a s  t he  average wind speed approaches 200 cm sec  . 
P a r t  of the  e r r o r  of e s t ima te  may be due t o  the  s i z e  of the  f i e l d .  

A pa rce l  of a i r  r e q u i r e s  23 seconds t o  move from t h e  edge of the  f i e l d  
- 1 

t o  the  sensing tower when the  average wind speed i s  200 cm s e c  , 

I n  23 seconds t h i s  p a r c e l  of a i r  may no t  have been s u f f i c i e n t l y  changed 

t o  i t s  new environment, thus top sensor  may no t  r e f l e c t  the  t r u e  

g rad ien t  of t r a n s f e r .  Another p o s s i b i l i t y  i s  t h a t  t h e  d i f f e r e n t i a l  

psychrometers were loca ted  approximately 60 inches a p a r t ;  t he re fo re ,  

t he  g rad ien t s  used may no t  be t h e  t r u e  g r a d i e n t s .  However, t h i s  e r r o r  

is  expected t o  cance l  ou t  over a per iod  of time wi th  t h e  sensors  moving 

through space.  The t h i r d  p o s s i b i l i t y  could be e r r o r s  i n  a c t u a l  

measurements due t o  t h e  types of sensors  used. These e r r o r s  a r e  

expected t o  be e l imina ted  by using the  d i f f e r e n t i a l  psychrometer ' 
descr ibed  i n  Sec t ion  11. 

SUMMARY AND CONCLUSIONS: 

Accurate shor t -per iod  de termina t ion  of evapora t ion  from var ious  

su r f aces  i s  of primary importance i n  water conserva t ion  t o  e s t a b l i s h  

maximum r a t e s  of evapora t ion  and t o  understand the  complex dependence 

upon meteoro logica l  processes .  Lysimetr ic  measurement of so i l -mo i s tu re  

dep le t ion  by weighing i s  undoubtedly the  b e s t  method t o  r o u t i n e l y  and 

accu ra t e ly  determine evapo t r ansp i r a t ion  f o r  s h o r t  per iods .  Lysimeters,  

however, do have l imi t ed  use  due t o  t h e i r  immobility, time r equ i r ed  f o r  

an i n s t a l l a t i o n ,  and t h e  s i z e  requi red  f o r  c e r t a i n  p l a n t s .  Micro- 

meteorological  methods can be used t o  determine the evapora t ive  f l u x  

f o r  s h o r t  per iods  of time and have s e v e r a l  d i s t i n c t  advantages.  They 
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do not require alteration of the surface, are not limited to a 

particular crop surface, and cal be employed with a great deal of 

mobility. The main limitations are the instrumentation and the basic 

assumptions of the methods which may not be met under conditions of 

agricultural interest, Previous work (1) indicated that the modified 

Bowen equation appeared to be the most promisiog meteorological method 

to routinely determine short-period evaporation rates. Measurements 

were made during the past year to compare the evaporative flux determined 

by the modified Bowen equation with that obtained from the lysimeters. 

The results indicate that the modified Bowen equation can be used to 

determine evaporation during the daylight hours with an error of less 
- 1 

than 5 percent when the average wixid speed is less than 100 cm sec , 

It appears that as the wind speed increases, the error of estimate also 

increases. These results were obtained while the instrumentation used 

was in a period of development, and therefore reflect some instrumental 

errors. 

The results obtained with the modified Bowen equation during the 

nocturnal hours were generally of opposite sign to that determined by 

the lysimeters. The gradients of air temperature and vapor pressure 

have signs which are in agreement with the lysimetric flux. Therefore, 

it appears that small errors exist either in the measurement of net 

radiation or soil heat flux; the two parameters which determine the 

sign of the evaporative flux cause the evaporative flax to have the 

opposite sign. The nocturnal error is relatively small when daily 

totals are considered. 

Instrumentation for the measurement of air-temperature and vapor- 

pressure gradients has been improved during the past year. The present 

air-sampling tower is a lightweight and fairly portable device, consisting 

of a vertical mast upon which a rotating head is mounted. Attached to 

the rotating head by a 10-foot horizontal boom is a box containing two 

small psychrometers, a 4-way switching valve, water-control mechanism, 

and a polarity reverser. Externally attached to the box are two air 

intakes. In operation the differential wet- and dry-bulb signals are 

fed through the polarity reverser to two integrators. These signals 
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a r e  i n t e g r a t e d  u n t i l  the  d a t a  handl ing systems p r i n t  ou t  the  d a t a .  

A command from the  d a t a  handl ing system causes t he  psychrometers 

t o  be reversed wi th  r e s p e c t  t o  t he  a i r  in takes ,  and causes t h e  

p o l a r i t y  of t he  d i f f e r e n t i a l  s i g n a l s  t o  be reversed .  The a i r - sampl iag  

tower wi th  a s soc i a t ed  p a r t s  i s  q u i t e  an improvement over previous 

ins t rumenta t ion  i n  t h a t  t he  a i r - tempera ture  and vapor-pressure 

g rad ien t s  a r e  sampled s p a t i a l l y ,  cont inuously,  and sensor  e r r o r s  

a r e  cance l led  by r eve r s ing  the  sensors  with r e spec t  t o  t he  i n t a k e s .  

Dew probes manufactured by Minneapolis-Honeywell were t e s t e d  t o  

determine the  f e a s i b i l i t y  of t h e i r  u se  f o r  measurrng vapor-pressure 

g rad ien t s .  The dew probes were not considered s a t i s f a c t o r y  f o r  the  

intended use  because of t h e i r  time cons t an t .  The purposed use  requi red  

a time cons tan t  of l e s s  than 2 minutes - pre fe rab ly  1 minute. The 

dew probes have a time cons t an t  of approximately 3 minutes under t h e  
- 1 

extreme v e n t i l a t i o n  r a t e  of 20 l i t e r s  min . A t  t h i s  v e n t i l a t i o n  r a t e ,  

the  temperature of t h e  dew probe appears t o  be 3 C  l e s s  than t h a t  i n  

s t i l l  a i r  of t h e  same moisture content .  

Micrometeorological r e sea rch  r equ i r e s  complex a n a l y s i s  of a 

l a r g e  number of d a t a  obtained from many sensors ,  which a r e  f r equen t ly  

measured. E f f i c i e n t  a n a l y s i s  of t hese  d a t a  r e q u i r e s  the  use  of a 

computer and a very  f l e x i b l e  program. To t h i s  end a program was 

w r i t t e n  f o r  t he  GE-225 computer, The f i x e d  po r t ion  of t he  program 

al lows the  computer t o  accept  the paper t ape  image obtained from the  

d a t a  handl ing system, al lows these  d a t a  t o  be processed with a 

genera l ized  l i n e a r  equat ion,  and computes hourly averages and d a i l y  

t o t a l s  of the  s o l u t i o n s  of the  l i n e a r  equat ion.  Using the  program, 

a l a r g e  number of c a l c u l a t i o n s  may be  made on oversight s e r v i c e  wi th  

a c o s t  of approximately $0.004 cen t  per  c a l c u l a t i o n .  The f ixed  po r t ion  

of t he  program al lows f o r  t he  v a r i a b l e s  i n  the  geae ra l i zed  l i n e a r  

equat ion  t o  be i d e n t i f i e d  by t h e  personnel  a t  the  Laboratory, thus 

e l imina t ing  the  need of consu l t i ng  with a programmer. The program 

has proved t o  be a very va luable  t o o l  i n  micrometeorological research .  

A v a r i a b l e - r e s i s t a n c e  m i l l i v o l t  source was cons t ruc ted  a s  an a i d  

f o r  wir ing and c a l i b r a t i n g  po r t ions  of t he  micrometeorological d a t a  

Annual Report of the U.S. Water Conservation Laboratory



handling systems. The m i l l i v o l t  source has proven t o  be  a  very 

va luab le  instrument  because many s e a l i n g  and wir ing  e r r o r s  have been 

e l imina ted  wi th  i t s  use .  

The wind r e g i s t e r  system descr ibed  i n  the  1961 Annual Report d i d  

n o t  prove t o  be s a t i s f a c t o r y  i n  t h a t  t he  readout  device  of t h e  counters  

requi red  con t inua l  r e p a i r .  Consequently, two a d d i t i o n a l  wind r e g i s t e r  

systems were designed and b u i l t  u s ing  four  10- leve l  s tepping  switches i n  

,tandem f o r  each counter .  The s tepping  switches have a  more p o s i t i v e  

readout  device  than  the  Veeder-root counters  used i n  t he  previous wind 

r e g i s t e r  system. These wind r e g i s t e r  systems have been t e s t e d  and have 

been found capable d f  accu ra t e ly  counting a t  t he  r a t e  of 1000 cpm. The 

t o t a l  counts a r e  read o u t  i n  d i g i t a l  form by the  d a t a  handl ing systems. 

The counters  can be au tomat ica l ly  o r  manually r e s e t  t o  zero .  

An experiment was conducted t o  determine i f  the  modified Bowen 

equat ion would determine t h e  evapora t ive  f l u x  from one of four  s tock  

tanks loca t ed  a t  t h e  Laboratory. The r e s u l t s  obtained ind ica t ed  t h e  

geometry of t h e  tanks was such a s  t o  preclude t h e i r  u se  f o r  t h i s  purpose 

l a r g e l y  because of t he  h e a t  t r a n s f e r  through t h e  wa l l s .  The r e s u l t s  

i nd ica t ed  th.at  t h e  evapora t ive  r a t e s  a t  n i g h t  were comparable t o  those  

obtained during t h e  day l igh t  per iods  on an i n t e r m i t t e n t l y  cloudy day. 

Thus, 50 percent  of t h e  energy requi red  f o r  t h e  evaporat ion was suppl ied 

by the  water i n  t h e  tank.  
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Table 1. Solar radia t ion,  average wind speed, evaporative f l ux  
determined with the modified Bowen equation and lysimeters 
f o r  da i ly  periods and daylight periods, 

n 
Alfa l fa  ... LE-LE 

Date Ser ies  
RSd 

U LYS 52' LE LExlOO 
Total  Day Total Day Day 

- langleys - 
8 Feb 1 1 -222 -218 -189 -159 3 7 

I1 -220 -217 -193 -171 27 
111 -229 -242 -176 -155 ----- 56 - 

8 0 Ave -224 -226 -186 -161 40 

10 Apr 3 4 18 135 11 -261 -236 -246 -227 4 

22 Apr 4 698 107 I1 -254 -356 -370 -354 1 

23Apr  4 7 05 118 I1 -393 -397 -420 -400 1 
\ 

20 Jun 6 I -522 -533 -590 -559 -5 
I_ 11 -449 -513 -572 -542 

/ --- -- - 5 - 
7 37 135 ' Ave -448 -522 -581 -551 - 5 

21 Jun 6 762 192 I -644 -660 -752 -710 - 7 

26 J u l  9 640 14 2 I1 -132 -152 -189 -160 -5 

27 J u ~  . 9 622 - 225 HI -144 -167 -246 -202 -17 
* 8 

8Aug 10 i H -386 -383 -391 -373 3 
XI -320 -335 -388 -374 -10 
- -7  -- 6 111 -400 -375 -376 --354 - 

603 7 5 Ave -367 -364 -385 -367 - 1 
- 

9 Aug 10 9 " -402 -584 -427 
H'B - -377 -493 -422 -11 
HI1 - - - -402 -- -496 -421 

458 90 Ave - -394 -498 :-423 
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Figure 4. Functional diagram of the air-sampling tower and recording system. I 

' ' 1  . i 
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Figure 5. Equilibrium time and average output of two Honeywell dew probes, # S ~ ~ 1 2 9 ~ 0 0 5 ,  

as a function of air flowing past each probe. . 
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Figure 6. Variable-resistance millivolt source. 
Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



TITLE: SURFACE ENERGY BALANCE AND EVAPOTRANSPIRATION 

OF IRRIGATED ALFALFA 

LINE PROJECT: SWC 4-gG2 CODE NO : Ariz. WCL-17 

INTRODUCTION : 

During the calendar year of 1963 investigations were carried 

out to determine the relationship between evapotranspiration and the 

surface energy balance for winter, spring, summer, and fall 

conditions, to determine the relationship between evapotranspiration 

and micrometeorlogical parameters over alfalfa of different heights, 

and over dry stubble, and also to determine how these relationships 

change as the soil moisture is depleted. A total of 30 days of data 

was recorded. 

PROCEDURES: 

The activities of the calendar year are summarized in Table 1. 

Net radiation was measured 1 meter above the crop with modified 

version of the net radiometer described in "Construction and 

evaluation of a miniature net radiometer" (see section on Papers 

Published in 1963). The modification consisted of replacing the two 

planar sheets of polystyrene and the transducer with a plate trans- 

ducer the same size as the rings, having an output in excess of 
- 1 

1.5 mv ly min. Soil heat flow was measured at 5-cm depth with 

National Instruments Laboratory HF-2 heat-flow transducers. The 

surface soil temperature and the temperature at 5 cm were measured 

with single-junction thermocouples. The temperature at the surface 

and at 5 cm was used to calculate the change in energy storage of 

the layer of soil above the heat-flow transducer. This was then added 

to the heat flow measured at 5-cm depth, and is listed as S + S t .  
These basic elements were measured in and over each lysimeter in all 

the experiments with exception of Alfalfa 13 and 14 where lysimeters 

I and I1 were involved. Additional supporting data consisting of 

solar radiation, reflected solar radiation, wind direction and wind 

speed 80 cm to 1 meter above the crop, and air temperature were 

measured. 
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Frequency of record ing ,  A l l  t he  micrometeorological  elements 

were recorded a t  5-min i n t e r v a l s  f o r  A l f a l f a s  1, 2, 3, 4, 5,  6, 7 ,  8 ,  

and 9. The record ing  frequency was reduced t o  15-min i n t e r v a l s  f o r  

the  remainder of the  a l f a l f a  experiments.  Hourly averages were 

computed f o r  a l l  micrometeorological elements by forming an average 

of the  values recorded a t  t he  beginning and end of each hour, p lus  

t he  in te rvening  p r i n t o u t s .  

RESULTS AND DISCUSSION: 

Energy balance s e r i e s .  Examples of t he  hourly d i s t r i b u t i o n  of 

t h e  energy ba lance  components f o r  each of t h e  f o u r  record ings  - 
winter ,  spr ing ,  summer, and f a l l  - a r e  shown i n  F igures  1, 2, 3, and 4, 

r e spec t ive ly .  The d a t a  presented a r e  the  average of t h r e e  lys imeters ,  

wi th  t he  except ion of F igure  3 which i s  lys imeter  I. The days a r e  

q u i t e  comparable wi th  r e s p e c t  t o  wind speed, wi th  except ion of F igure  3 

which has a h igher  wind speed dur ing  the  per iods  1300 t o  2000. The 

f i r s t  t h r e e  f i g u r e s  i l l u s t r a t e  t h a t  n e t  r a d i a t i o n  increased a s  s o l a r  

r a d i a t i o n  increased . '  However, the  r a t i o  of n e t  r a d i a t i o n  t o  s o l a r  

r a d i a t i o n  increased  from 0.48 on 8 February t o  0 .51  on 26 March t o  

0.61 on 21 June.  A f t e r  21 June s o l a r  r a d i a t i o n  decreased - so  a l s o  

d id  n e t  r a d i a t i o n ;  however, t he  r a t i o  of n e t  t o  s o l a r  r a d i a t i o n  

remained a t  0.62. The evapora t ive  f l u x  showed inc reases  propor t iona l  

t o  n e t  r a d i a t i o n ,  with the  r a t i o  of n e t  r a d i a t i o n  t o  evapora t ive  f l u x  

decreasing from 0 .93cr .8  February t o  0.88 on 26 March, 0 .61 on 21 June 

and bac.k t o  0.81 on 9 August, It should be  noted t h a t  t he  condi t ion  

of t he  a l f a l f a  i n  t hese  four  examples i s  no t  q u i t e  comparable i n  t h a t  

t h e  a l f a l f a  was 12 cm, '20 cm, 30 cm, and 23 cm i n  he igh t ,  r e s p e c t i v e l y .  

The a b i l i t y  of the  a l f a l f a  t o  e x t r a c t  s e n s i b l e  h e a t  from the  a i r  

appears  t o  i nc rease  wi th  inc reas ing  h e i g h t .  A comparison can be 

made between 26 March and 9 August s i n c e  the  a l f a l f a  was of s i m i l a r  

he igh t  on these  two days. Net r a d i a t i o n  and evapora t ive  f l u x  being 

g r e a t e r  on 9 August, t he  r a t i o  of n e t  r a d i a t i o n  t o  evapora t ive  f l u x  

was 0.88 and 0.81, very comparable when cons ider ing  t h a t  the  a l f a l f a  

on the  l a t t e r  d a t e  was 3 cm t a l l e r .  The r a t i o  of s e n s i b l e  t o  l a t e n t  

h e a t  f l u x  increased  from -4.07 on 8 February t o  --0.10 on 26 March t o  
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-0.39 on 21 June and then decreased t o  -0.26 on 9 August. The 20th 

of June would be a b e t t e r  day f o r  comparison because the  average wind 

speed was more comparable t o  the  o t h e r  days. The r a t i o  of s e n s i b l e  t o  

l a t e n t  h e a t  f l u x  was -0.29 on 20 June. The s o i l  h e a t  f l u x  was n e g l i g i b l e  

i n  t he  f i r s t  t h r e e  cases ;  however, a cons iderable  amount of energy was 

used t o  h e a t  the  s o i l  on 9 August. These r e s u l t s  i n d i c a t e  a t rend  of 

increas ing  f luxes  a s  t h e  seasons progress  from the  win ter  t o  the  summer 

months, with t he  except ion of s o i l  hea t  f l u x ,  

Dai ly t o t a l s  of a l l  of t h e  d a t a  c o l l e c t e d  i n  the  win ter ,  spr ing ,  

summer, and f a l l  energy balance s t u d i e s  a r e  l i s t e d  i n  Table 2. The 

d a i l y  t o t a l s  e x h i b i t  the  same t rends  a s  were shown i n  F igures  1, 2, 3, 

and 4; however, comparison may be made between days wi th in  each s e r i e s .  

For example, i n  A l f a l f a  1, 8 February had a nega t ive  r a t i o  of AJZE, 

while  13 and 14 February had p o s i t i v e  r a t i o s  i n d i c a t i n g  t h a t  energy 

was used t o  hea t  the  a i r .  The d i f f e r e n c e  i n  t h e  s i g n  of t he  r a t i o s  

on 8 and 14 February, days of comparable s o l a r  r a d i a t i o n ,  may be 

explained by the  d i f f e r e n c e  i n  wind speed. The s l i g h t l y  l a r g e r  average 

wind-speed movement on 8 February promoted more evaporat ion and caused 

energy t o  be  ex t r ac t ed  from the  a i r .  When the  average wind was 

s i m i l a r  a s  on 13 and 14 February, d i f f e r ences  i n  the  energy balance 

components were d i r e c t l y  r e l a t e d  t o  the  incoming r a d i a t i o n .  

The most s t r i k i n g  i l l u s t r a t i o n  of the  inf luence  of wind speed i s  

shown i n  A l f a l f a  6.  The s o l a r  r a d i a t i o n  d i f f e r e d  by only  25 l y  on 
- 1 

these  days, whi le  t he  average wind speed d i f f e r e d  by 57 cm sec  
- 1 

The evapora t ive  f l u x  increased  from 581 t o  752 l y  day , t h e  g r e a t e r  

f l u x  a s soc i a t ed  wi th  the  g r e a t e r  wind speed, thus causing more energy 

t o  be ex t r ac t ed  from t h e  a i r .  

Inf luence  of he igh t  of a l f a l f a  upon the  energy balance compoEents, 

Five d i f f e r e n t  s t u d i e s  were conducted i n  which t h e  inf luence  of he igh t  

of a l f a l f a  upon t h e  components of t h e  energy ba lance  equat ion  was 

inves t iga t ed .  Unfortunately,  cab le  t roub le  developed during these  

experiments and was not  co r r ec t ed  u n t i l  the  l a s t  experiment;  t he re fo re ,  

complete d a t a  a r e  only a v a i l a b l e  f o r  two experimentsB and p a r t i a l  d a t a  

e x i s t  f o r  t h e  remaining t h r e e  experiments.  

Annual Report of the U.S. Water Conservation Laboratory



The hourly d i s t r i b u t i o n  of the  components of t h e  energy balance 

equat ion f o r  a l f a l f a  of 10, 30, and 58 c.m i n  he ight  is  shown i n  

F igures  5, 6, and 7 .  Since these  d a t a  were c o l l e c t e d  on t h e  same 

day, the  bulk meteorological  slements would be s i m i l a r  f o r  a l l  t h r e e  

su r f aces .  The major d i f f e r e n c e  l i e s  i r i  the  evapora t ive  f lux ,  which 

increased  wi th  the  inc rease  i n  h e i g k ~  of a l f a l f a .  One could argue 

t h a t  the  r e l a t i o n s h i p  between the evaporarrve f l u x  and the  he ight  i s  

d i r e c t l y  r e l a t e d  t o  l ea f  a rea ,  which i s  ab l e  t o  i n t e r c e p t  both r a d i a n t  

and s e n s i b l e  h e a t ,  This appears t o  be p a r t i a l l y  t r u e  i n  t h a t  t h e  

l e a f - a r e a  ind ices  range from 2 ,4  f o r  the 10-cm a l f a l f a  t o  2,8 f o r  the  

30-cm a l f a l f a  t o  4 .0  f o r  t he  50-cm a l f a l f a .  This  appears t o  be a  

p a r t i a l  explana t ion  of t he  d i f f e r e n c e s ;  however, o t h e r  d i f f e r e n c e s  

e x i s t  a l s o .  Net r a d i a t i o n  inc reases  wirh 3ncreaskng he igh t  and wi th  

increas ing  evapora t ive  f l u x .  This i s  a s  i t  should be .  For a  given 

energy input ,  more evapora t ion  would cause a  coo le r  underlying sur face ,  

and consequently,  i nc rease  the  ne t  r a d i a n t  ba l aace ,  Other workers 

have noted s i m i l a r  e f f e c t s  (1, 2 ) .  The d i f f e r e n c e  i n  evapora t ive  

f l u x  may be due t o  t he  d i f f e r e n c e  i n  roughness of t he  su r f aces .  

Photographs taken a t  t he  time i n d i c a t e  t h a t  t h e  10- and 30-cm 

su r faces  were q u i t e  smooth, as compared t o  the  50-cm su r face .  The 

f i n a l  r e s u l t  of increased  evaporati.02 and increased  n e t  r a d i a t i o n  

with he ight  i s  t h a t  60 and 8 l y  were used t o  hea t  t he  a i r  over t h e  

10-cm and 30-cm crops,  while  the  50-cm crop e x t r a c t e d  2 l y  from the  

a i r .  

Immediately a f t e r  t he  recordings on 23 Apr i l ,  the a r e a  

surrounding ly s ime te r s  11 and 1x1 was mowed t o  t he  ground i n  an 

at tempt  t o  determine t h e  maximum advected energy t h a t  would e x i s t  

i n  t h i s  a r e a  a t  t h i s  t ime of t h e  yea r ,  Unfortunately,  be fo re  t he  

mowed a l f a l f a  was removed and the  measurements made, 8 . 4  rnm of r a i n  

occurred.  By t h e  28th of Apr i l ,  regrowth had a l r eady  s r a r t e d  so 

t h a t  t he  d a t a  obta ined  do not  r ep re sen t  the  maximum advect ion  t h a t  

could be obta ined .  Cable t r o u b l e  a l s o  developed; consequently,  

n e t  r a d i a t i o n  d a t a  from lys imeter  L had t o  be d is regarded .  Even 

though t h e  d a t a  o b t a i ~ e d  from l y s i n e t e r s  II and 1 x 1  can2ot be compared 

Annual Report of the U.S. Water Conservation Laboratory



d i r e c t l y  wi th  the  d a t a  from lys imeter  I, these  d a t a  a r e  of i n t e r e s t  and 

may be compared wi th  t h e  d a t a  of 22 A p r i l .  

The hour ly  d i s t r i b u t i o n  of the  energy balance components f o r  

lys imeter  I1 and 1x1 only on 28 Apr i l  a r e  shown i n  F igures  8 and 9. 
- 1 

The average wind speed was 38 cm s e e  g r e a t e r  on the 28th of A p r i l  

than on the  22nd, i n d i c a t i n g  t h a t  i f  t he  n e t  r d d i a t i o n  were s i m i l a r  

f o r  both days, a l a r g e r  evapora t ive  f l u x  would occur from t h e  10-cm 

crop on 28 A p r i l .  This  indeed i s  t h e  ca se .  The evapora t ive  f l u x  

increased  from 291 l y  t o  370 l y .  I f  one assumes t h a t  t h e  n e t  r a d i a t i o n  

over lys imeter  J was s i m i l a r  t o  t h a t  of t he  22nd - namely, 370 l y  - 
then  the  s e n s i b l e  h e a t  f l u x  would have been 51 l y .  This  can be  

compared with the  s e n s i b l e  h e a t  f l u x  (shown i n  F igures  8 and 9) of 

87 and 71 ly ,  r e s p e c t i v e l y .  The f a c t  t h a t  l e s s  s e n s i b l e  h e a t  f l u x  

occurred on lys imeter  I11 than on lys imeter  II may be explained 

by the  ra ins torm of the  25th, which tended t o  f l a t t e n  t h e  i s o l a t e d  

a l f a l f a .  Consequently, t he  s u r f a c e  was no t  a s  rough a s  previous.  

I s o l a t i o n  d id  not  appear t o  i nc rease  the  evapora t ive  f l u x  and the  

s e n s i b l e  h e a t  f l u x .  This  is  l a r g e l y  due t o  t he  regrowth of t he  

a l f a l f a  surrounding t h e  ly s ime te r s ;  

The d a i l y  t .o ta l s  of s o l a r  r a d i a t i o n ,  average wind speed, and 

t h e  components of t h e  energy balance equat ion f o r  t he  he igh t  s t u d i e s  

a r e  given i n  Table 3 ,  The inf luence  of wind on the  s e n s i b l e  h e a t  f l u x  

f o r  t he  t h r e e  he ightb  can be determined by examining the  d a t a  of 

22 and 23 A p r i l .  Note t he  average wind speed on 22 A p r i l  was a t  

80 and 40 cm on 23 A p r i l .  An inc rease  i n  wind speed decreased the  

export  of s e n s i b l e  hea t  over lys imeter  I, and caused s e n s i b l e  hea t  

t o  be ex t r ac t ed  from t h e  a i r  on lys imeters  11 and III. It i s  

i n t e r e s t i n g  t o  n o t e  t h a t  t h e  maximum evapora t ive  f l u x  was recorded 

from 62-em a l f a l f a  on 17 J u l y  (809 l y ) .  This  i s  equiva len t  t o  13 ,5  

mm of water,  and i s  very much i n  excess  of t he  s o l a r  r a d i a t i o n  on t h a t  

day. I f  one assumes t h a t  n e t  r a d i a t i o n  was 400 ly ,  then  the  s e n s i b l e  

h e a t  f l u x  would be  equiva len t  t o  t he  n e t  r a d i a n t  f l u x ,  

The dry down s e r i e s .  A s e r i e s  of experiments were conducted t o  

determine t h e  components of t he  energy balance equat ion  when t h e  f i e l d  
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was i r r i g a t e d ,  and the  evapora t ive  f l u x  was determined by the  meteoro- 

l o g i c a l  f a c t o r s ,  when t h e  s o i l  moisture was l i m i t i n g  and the  evapora t ive  

f l u x  was approximately one-half and one-fourth of n e t  r a d i a t i o n ,  Data 

a r e  shown i n  F igures  10, 11, and 12. Unfortunately,  no d i r e c t  comparison 

can be made between Figures  LO, 11, and 12 because the  time requi red  

f o r  t h e  s o i l  moisture t o  become l i m i t i n g  was so g r e a t  t h a t  t he  s o l a r  

r a d i a t i o n  - and consequently,  t he  n e t  r a d i a n t  f l u x  - decreased 

considerably.  However, i t  i s  i n t e r e s t i n g  t o  no te  t h a t  the  r a t i o  of 

n e t  r a d i a t i o n  t o  s o l a r  r a d i a t i o n  remained f a i r l y  cons t an t  - 0.62, 0.61, 

and 0.60 - while  t he  r a t i o  of n e t  r a d i a t i o n  t o  evapora t ive  f l u x  

increased from 0 .81  t o  1 .28  and 2.62. As the  s o i l  moisture became 

l imi t ing ,  t h e  r a t i o  of s e n s i b l e  t o  l a t e n t  hea t  f l u x  changed from a 

-0.26 t o  -I-0.20 t o  f1.32.  Energy was s to red  i n  the  s o i l  i n  a l l  t h r e e  

cases ,  

The d a i l y  t o t a l s  c o l l e c t e d  i n  A l f a l f a  10, 11, and 12 a r e  shown i n  

Table 4.  Previously,  we have noted t h a t  wind speed increased  

evapora t ive  f l u x  when s o i l  moisture was not  l i m i t i n g .  I n  A l f a l f a  12, 
- 1 

a 80 cm sec  inc rease  i n  wind speed d id  not  a l t e r  t he  evapora t ive  

o r  the  s e n s i b l e  hea t  f l u x .  I n  t h i s  case  evaporat ion was a l ready  con- 

t r o l l e d  by t h e  p l a n t  and s o i l  moisture,  so  t h a t  any change i n  the  

environmental condi t ions  had very l i t t l e  in f luence  on t h e  evapora t ive  

f l u x .  

Dry and i r r i g a t e d  s tubb le .  Data were c o l l e c t e d  over dry and 

i r r i g a t e d  s tubble ,  l a r g e l y  t o  t e s t  t h e  Bowen equat ion  f o r  e s t ima t ing  

evapora t ive  f l u x  under t hese  condi t ions .  The r e s u l t s  a r e  shown i n  

Table 5 .  These d a t a  may be compared with the  evapora t ion  from ba re  

s o i l  repor ted  i n  previous annual r e p o r t s .  One f a c t  should be pointed 

out  he re  however: even though the  s o i l  su r f ace  i n  A l f a l f a  9 was q u i t e  
- 1 - 1 

dry, an inc rease  i n  wind speed from 142 cm sec  t o  225 cm s e c  

increased evapora t ive  f l u x  by 57 ly ,  and a l s o  increased  the  n e t  r a d i a n t  

f l u x  27 l y  by cool ing  t h e  underlying su r f ace .  Consequently, l e s s  

energy was u t i l i z e d  i n  hea t ing  the  a i r .  These r e s u l t s  oppose those 

i n  A l f a l f a  12 ( ~ a b l k  4 ) )  t he  d i f f e r e n c e  being t h a t  t h e  p l an t - roo t  
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system ex t r ac t ed  moisture from g r e a t e r  depths ;  consequently,  t he  s o i l  

p r o f i l e  was d r i e r  than during A l f a l f a  9. 

SUMMARY :: 

During t h e  ca lendar  year  of 1963, i n v e s t i g a t i o n s  were c a r r i e d  

out  t o  determine t h e  r e l a t i o n s h i p s  between evapo t r ansp i r a t ion  and 

the  su r f ace  energy ba lance  f o r  win ter ,  spr ing ,  summer, and f a l l  

condi t ions ,  t o  determine t h e  r e l a t i o n s h i p  between evapo t r ansp i r a t ion  

and micrometeorological parameters  over a l f a l f a  of d i f f e r e n t  he igh t s  

and over dry s tubb le ,  and t o  determine how these  r e l a t i o n s h i p s  change 

a s  the  s o i l  mois ture  i s  dep le t ed ,  

Data c o l l e c t e d  ind ica t ed  t h a t  the  r a t i o  of n e t  r a d i a t i o n  t o  

evaporat ive f l u x  decreased from 0.93 on 8 February f o r  t h e  win ter  

cond i t i on  t o  0.81 on 9 August f o r  t he  f a l l  condi t ion ,  while  t he  r a t i o  

of s e n s i b l e  t o  l a t e n t  h e a t  f l u x  increased from a -0.07 on 8 February 

t o  -0.39 on 21 June and decreased t o  -0.26 on 9 August. The value 

of -0.39 cannot be compared d i r e c t l y  with the  o the r s ,  s i n c e  the  

a l f a l f a  was some 10 cm t a l l e r  a t  t h i s  time and was more capable of 

e x t r a c t i n g  s e n s i b l e  hea t  from the  a i r .  These r e s u l t s  do, however, 

i n d i c a t e  t h a t  f o r  a l f a l f a  more and more energy was ex t r ac t ed  from the  

a i r  i n  t he  form of s e n s i b l e  h e a t  a s  the  seasons progressed from winter  

t o  f a l l ,  wi th  t he  g r e a t e s t  amount of energy e x t r a c t i o n s  a s soc i a t ed  

with higher  wind speeds.  

S tud ie s  conducted on a l f a l f a  su r f aces  of d i f f e r e n t  he igh t s  

i n d i c a t e  t h a t  t he  evapora t ive  f l u x  increases  w i th  t h e  he igh t  of t he  

su r f ace ;  so a l so ,  does n e t  r a d i a t i o n .  The s e n s i b l e  h e a t  f l u x  was 

gene ra l ly  away from the  t r a n s p i r i n g  su r f ace  f o r  a  10-cm crop and t o  

t h e  t r a n s p i r i n g  su r f ace  f o r  a  50-cm crop.  The d i f f e r e n c e  i n  t r a n s p i -  

r a t i o n  r a t e s  of t h e  t h r e e  su r f aces  i s  p a r t i a l l y  explained by the 

d i f f e r e n c e  i n  l e a f - a r e a  index which ranges from 2.4 t o  4,O and t o  t he  

roughness of t he  su r f ace ,  the  t a l l e r  crop being more rough than  t h e  

s h o r t e r  crops.  

The g r e a t e s t  evapora t ive  f l u x  measured (809 l y )  was from a 62-cm 

a l f a l f a  s tand,  which i s  equiva len t  t o  13.5 mm of water .  This  i s  i n  
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excess  of the  energy suppl ied  by s o l a r  r a d i a t i o n  and i s  two times a s  

l a r g e  a s  n e t  r a d i a t i o n ,  which means t h a t  the  amount of energy ex t r ac t ed  

from the  a i r  was equal  t o  n e t  r a d i a t i o n .  
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1959. Var ia t ions  i n  the  n e t  exchange of r a d i a t i o n  from 
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Table 1. Activities - calendar year 1963. 

Alfalfa 
Series Date Description Height of alfalfa 

8,13,14 Feb Winter energy balance 12 cm on 3 lysimeters 

26,27 March Spring energy balance 20 cm on 3 lysimeters 

20,21 June Summer energy balance 30 cm on 3 lysimeters 

8,9 August Fall energy balance 23 cm on 3 lysimeters 

10 April Two-height study 13 cm on Lys I, I1 
35 cm on Lys IHI 

22,23 April Three-height study 10 cm on Lys I 
30 cm on Lys I1 
50 cm on Lys 111 

28,29 April Three-height study 10 cm on Lys I 
30 cm on Lys II* 
50 cm on Lys III+c 

3,4 July Three-height study 15 cm on Lys I 
20 cm on Lys I1 
37 cm on Lys IIP'C')~ 

17,18 July Three-height study 32 cm on Lys I 
45 cm on Lys 11 
62 cm on Eys HII*7k* 

25,26,27 July Dry stubble 5 cm 

15,16 Oct Dry stubble 5 cm 

14 18,19,20 Oct Irrigated stubble 5 cm 

10 8,9 August Dry down series 23 cm on 3 lysimeters 

11 12,13 Sept Dry down series 35 cm on 3 lysimeters 

12 24,25 Sept Dry down series 36 cm on 3 lysimeters 

Lysimeters I1 and 111 isolated. 
7 10 percent blossom. 

*** About 50 percent blossom and was lodging. 
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Table 2, Dai ly t o t a l s  of the  energy balance components, s o l a r  
r a d i a t i o n ,  and average wind speed f o r  tk winter ,  spr ing ,  
summer, and f a l l  energy balance s t u d i e s .  

A l f a l f a  Lys Date 
S e r i e s  

1 I 
I1 
I11 - 
Ave 

1 I 
I1 
111 - 
Ave 

1 I 
11 
111 - 
Ave 

2 I 
I1 
I11 - 
Ave 

11.1 - 
Ave 

6 I 
I1 - 
Ave 

10 1 
11 
I11 - 
Ave 

10 I 
I I 
I11 - 
Ave 

- 1 - 1 - 1 
l y  day cm sec  - l y  day 

8 Feb 

13  Feb 

14 Feb 

26 March 

27 March 

20 June 

21 June 

8 August 

9 August 
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Tab l e  3 .  Daily t o t a l s  of s o l a r  r ad i a t ion ,  average wind speed, and 
the  components of t he  energy balance equat ion  f o r  the  
he igh t  s t u d i e s  . 

A l f a l f a  - 
S e r i e s  Lys Date 

Rsd '8 0  
R 

n  
S+S ' LE A 

10 A p r i l  

22 A p r i l  

23 A p r i l  

28 A p r i l  710 

29 A p r i l  689 

3 J u l y  

4 J u l y  

17 J u l y  

18 J u l y  

Data missing due t o  cab le  t roub le .  

** Wind a t  40 cm. 
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Table 4. Dai ly  t o t a l s  of s o l a r  r a d i a t i o n ,  average wind speed, and 
the  components of t he  energy ba lance  equat ion  f o r  t he  
dry  down s e r i e s .  

A l f a l f a  - 
S e r i e s  Lys Data 

Rsd '80 
R 

n 
SJrS ' LE A 

1 
I I 
I11 - 
Ave 

I 
I1 
I11 - 
Ave 

I 
I1 
I11 - 
Ave 

I 
I1 
I11 - 
Ave 

I 
I I 
111 - 
Ave 

I 
I1 
I11 - 
Ave 

8 August 

9 August 

12 Sept  

13  Sept  

24 Sept  

25 Sept  

- 1 - 1 
l y  day cm s e c  
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Table 5. Dai ly t o t a l s  of s o l a r  r a d i a t i o n ,  average wind speed, 
n e t  r a d i a t i o n ,  s o i l  h e a t  f l ux ,  evapora t ive  f l u x ,  and 
s e n s i b l e  h e a t  f l u x  over  dry  and i r r i g a t e d  s tubb le .  

A l f a l f a  
S e r i e s  Lys Date 

11 25 J u l y  

I1 26 J u l y  

11 27 July 

I 15 Oct 

I1 

I 16 Oct 

- 1 - 1 
l y  day cm sec  l y  daym1 

I 20 Oct 
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US. Water Conservotion Loborutory, 

8 Feb 196 
Aver ope 

i 

Figure 1. Hourly values of the components of the energy balance i 
equation, solar radiation, wind speed and direction. 1 

1 
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I'er Conservation L oboro f ory, 

Figure  2. Hourly va lues  of t he  components of t he  energy ba lance  

equat ion,  s o l a r  r a d i a t i o n ,  wind speed and d i r e c t i o n .  
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U.S. Wuter Conservation Laboratory, 

Figure  3 .  Hourly va lues  of t he  components of t h e  energy ba lance  

equat ion,  s o l a r  r a d i a t i o n ,  wind speed and d i r e c t i o n .  
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U, S, PJ01'er Comer vation Laboratory, 
0 

Figure  4. Hourly va lues  of the  components of t h e  energy ba lance  

equat ion,  s o l a r  r a d i a t i o n ,  wind speed and d i r e c t i o n .  
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ter Conservation La borotory, 

Figure 5. Hourly values of the components of the energy balance 

equation, solar radiation; wind speed and direction. 
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. U. S. Wafer Conservation L uborafory, 

' L 

Figure 6. Hourly values of the components of the  energy balance 

equation, s o l a r  radia t ion,  wind speed and d i r e c t i o n .  * 
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I Wind f m  s e t / )  - 

Figure 7,  Bourly values of the components of the energy balance 

equation, solar radiation, wind speed and direction, 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



qigare 9.  IIBourBy values sf the components sf the energy balance 

equation, solar radiatio peed and direction, 
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Figure 10. Hourly values of the components of the energy balance 

equation, solar radiation, wind speed and direction. 
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Figure 11. Hourly values of the components of the energy balance 

equation, solar radiation, wind speed and direction. 
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24 Sept 1962 
Average 

Figure 12. Hourly values of the components of the energy balance 

equation, solar radiation, wind speed and direction. 
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TITLE: COMPONENTS OF THE RADIATION BALANCE OF FIELD CROPS UNDER 

IRRIGATED MANAGEMENT 

LINE PROJECT: SWC 4-gG2 CODE NO. :  Ariz.-WCL-18 

INTRODUCTION : 

Evaporation from a crop su r f ace  - water no t  l i m i t i n g  - i s  l a r g e l y  

determined by the  r a d i a n t  and s e n s i b l e  bea t  f l u x e s .  Of the  incoming 

r a d i a n t  f l ux ,  p a r t  i s  r e f l e c t e d  and p a r t  i s  r e r a d i a t e d ,  thus reducing 

the  amount of energy a v a i l a b l e  f o r  evapora t ion .  Data were c o l l e c t e d  

t o  determine i f  water  could be conserved by management p r a c t i c e s  which 

would inc rease  t h e  r e f l e c t e d  r a d i a t i o n .  

RESULTS AND DISCUSSION: 

Incoming and r e f l e c t e d  s o l a r  r a d i a t i o n  were measured over bare-  

s o i l  su r f aces  both wet and dry ,  sudangrass from emergence t o  ha rves t ing ,  

and a l f a l f a  a t  d i f f e r e n t  s t ages  of growth. These d a t a  were c o l l e c t e d  

us ing  so l a r ime te r s  t o  measure incoming and r e f l e c t e d  s o l a r  r a d i a t i o n .  

The d a t a  were sampled a t  var ious  f requencies  ranging from 5 t o  30 

minutes ,  Hourly averages and d a i l y  t o t a l s  were computed f o r  c l e a r  days. 

These d a t a  a r e  summarized i n  Table 1. Data c o l l e c t e d  i n  November 1961 

over  dry  ba re  s o i l  i nd i ca t ed  a r e f l e c t i o n  of 24 pe rcen t .  Owing t o  the  

sun ' s  a l t i t u d e ,  the  percentage r e f l e c t i o n  may be somewhat higher  a t  

t h i s  time of t he  year  than would occur over dry ba re  s o i l  during t h e  

summer months. However, the  amount of energy r e f l e c t e d  i s  s t i l l  

r e l a t i v e l y  low. 

During the  per iod  from 17 February t o  7 March, s e v e r a l  days of da t a  

were c o l l e c t e d  which show the  e f f e c t  of drying s o i l  u p m  the  r e f l e c t i o n  

c o e f f i c i e n t .  The s o i l  was i r r i g a t e d  on 15 February so i t  was r e l a t i v e l y  

wet on 17 February, and t h e  r e f l e c t i o n  c o e f f i c i e n t  was 14 percent .  As 

the  s o i l  d r i ed  the  r e f l e c t i o n  c o e f f i c i e n t  increased,  even though small  

amounts of r a i n  f e l l  on 19 February, 21 February, and 25 February, 

reaching a maximum of 26 percent  on 7 March. The 7 t h  of March, however, 

may not  be r e p r e s e n t a t i v e  due t o  t he  low s o l a r  r a d i a t i o n .  Therefore,  

we should cons ider  the  2nd of March t o  be the  maximum value  of 24 percent ,  

which i s  t he  same a s  t h a t  measured i n  November of 1961. 
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During the  per iod  24 March 1962 t o  6 Apr i l  1962, d a t a  were 

c o l l e c t e d  which a l s o  i l l u s t r a t e  t he  e f f e c t  of a drying su r f ace  on a 

r e f l e c t i o n  c o e f f i c i e n t ,  During t h i s  per iod  the  r e f l e c t i o n  increased  

from 15 percent  f o r  wet ba re  s o i l  t o  23 percent  f o r  a dry ba re  s o i l .  

Sudangrass was p lan ted  i n  t he  exper imel ta l  f i e l d  i n  May 1962, so 

the  d a t a  c o l l e c t e d  dur ing  t h e  remainder of 1962 were over emerging 

and growing sudangrass.  On 29 May t:he r e f l e c t i o n  c o e f f i c i e n t  was 

13 percent ;  the  sudangrass was beginning t o  emerge and was approximately 

5 cm i n  he igh t .  The s o i l  a t  t h i s  time was wet, being i r r i g a t e d  on the  

previous day, As the  sudangrass grew and the  s o t 1  s u r f a c e  was 

a l t e r n a t e l y  wet and dry,  t he  r e f l e c t i o n  c o e f f i c i e n t  increased  t o  

22 percent  by 11 June, and decreased t o  19 percent  on 21 June as  a 

d i r e c t  r e s u l t  of the  c l i p p i n g  t o  15-cm he igh t  on 12 June.  As the  

sudangrass recovered from the  c l ipp ing  of 12 June, t he  r e f l e c t i o n  

c o e f f i c i e n t  increased  t o  23 percent  by 8 J u l y  and decreased t o  

22 percent  by 13 J u l y .  The s l i g h t  decrease i n  r e f l e c t i o n  c o e f f i c i e n t  

from 8 t o  13 J u l y  could be due t o  the f a c t  t h a t  t he  sudangrass 

developed in f lo re scence  during t h i s  per iod ,  thus  provided a more 

ragged su r f ace  inc reas ing  i n t e r n a l  r e f l e c t i o n  and thus,  s l i g h t l y  

decreasing t h e  ~ b s o l u t e  amount of energy r e f l e c t e d .  The d i f f e r e n c e  

i s  no t  s i g n i f i c a n t .  When the  140-cm sudangrass was mowed t o  8-cm 

s tubb le  and i r r i g a t e d ,  t he  r e f l e c t i o n  c o e f f i c i e n t  dropped t o  17 pe rcen t ;  

and when t h e  100-cm sudangrass was mowed t o  15 cm and i r r i g a t e d ,  t h e  

r e f l e c t i o n  c o e f f i c i e n t  dropped t o  20 percent .  Again the  r e f l e c t i o n  

c o e f f i c i e n t  increased  a s  t he  sudangrass grew developing more leaf  a rea ,  

becoming 21 percent  on 18 August. 

During 1963 the  amount of s o l a r  energy r e f l e c t e d  from a l f a l f a  was 

monitored, On 13 February 1963, t he  r e f l e c t i o n  c o e f f i c i e n t  was 

20 percent  from 12-cm a l f a l f a .  This  remained f a i r l y  cons t an t  through 

March and Apr i l ,  while  t h e  a l f a l f a  was maintained between 10 and 20 cm. 

During Apr i l  t h r e e  d i f f e r e n t  h e i g h t s  were e s t ab l i shed  - 10, 30, and 

50 cm. The r e f l e c t i o n  c o e f f i c i e n t  appeared t o  be the  h ighes t ,  23 percent ,  

on the  30-cm a l f a l f a  and s l i g h t l y  l e s s ,  22 percent ,  on the  50-cm 

a l f a l f a ,  wi th  t he  LO-cm a l f a l f a  having the  lowest r e f l e c t i o n .  
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Photographs tend t o  bea r  t h i s  ou t  i n  t h a t  t he  10-cm a l f a l f a  was s tocky 

without  much l ea f  development, while  the 30-cm a l f a l f a  had a very 

smooth su r f ace  wi th  adequate l ea f  development, and t h e  50-cm a l f a l f a  

had become aerodynamically rough and ragged. 

On 25 J u l y  1963, t h e  a l f a l f a  was mowed and kt i r r i g a t e d ,  so  t h e  

su r f ace  was a dry s tubb le .  The r e f l e c t i o n  c o e f f i c i e n t  from t h i s  su r f ace  

was 22 pe rcen t ,  

During the  l a t t e r  p a r t  of August and September, t he  so i l -mois ture  

content  i n  t he  a l f a l f a  f i e l d  was allowed t o  be dep le t ed .  During t h i s  

per iod the  r e f l e c t i o n  c o e f f i c i e n t  tended t o  drop from 20 percent  t o  

19 percent .  

On 15 October a dry-s tubble  su r f ace  ex i s t ed .  This  s tubb le  

su r f ace  was d i f f e r e n t  from t h a t  of 25 J u l y  i n  t h a t  t h e  c l i pp ings  were 

no t  removed. The r e f l e c t i o n  c o e f f i c i e n t  a t  t h i s  time was 25 percent ,  

which is  s l i g h t l y  h igher  than t h a t  of 25 J u l y ,  p a r t l y  due t o  the  

c l ipp ings  and p a r t l y  due t o  t he  lower sun a l t i t u d e .  

SUMMARY AND CONCLUSIONS: 

Incoming and r e f l e c t e d  s o l a r  r a d i a t i o n  were measured over  b a r e  

s o i l  su r f aces  both  wet and dry,  sudangrass from emergence t o  ha rves t ,  

and a l f a l f a  a t  va r ious  s t a g e s  of growth, The r e s u l t s  from b a r e  s o i l  

i n d i c a t e  t h a t  t h e  r e f l e c t i o n  c o e f f i c i e n t  was approximately 14 percent  

when the  s o i l  was wet and increased  t o  24 percent  a s  t h e  s o i l  d r i e d ,  

The d a t a  obta ined  over t h e  sudangrass i nd ica t ed  a 13-percent  

r e f l e c t i o n  c o e f f i c i e n t  over emerging sudangrass,  i nc reas ing  t o  23 percent  

a s  the  sudangrass grew and decreas ing  t o  22 percent  wi th  t h e  development 

of i n f lo re scence .  Mowing t o  15-cm he igh t  tended t o  reduce the  

r e f l e c t i o n  c o e f f i c i e n t  from 22 percent  t o  18 o r  19 percent ,  while  

mowing t o  8-cm s t u b b l e  reduced t h e  r e f l e c t i o n  c o e f f i c i e n t  t o  17 percent  

when the  s o i l  s u r f a c e  was wet. 

The d a t a  c o l l e c t e d  over a l f a l f a  i nd ica t ed  s i m i l a r  r e f l e c t i n n  

c o e f f i c i e n t  t o  t h a t  ob ta ined  over sudangrass,  wi th  a 20-percent 

r e f l e c t i o n  c o e f f i c i e n t  over  a l f a l f a  r e c e n t l y  trimmed t o  10 cm, and a 

23-percent r e f l e c t i o n  c o e f f i c i e n t  over  30-cm a l f a l f a  having f u l l  l ea f  

development and a smooth su r f ace .  As t h e  a l f a l f a  grew and t h e  su r f ace  
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became more rough, t he  r e f l e c t i o n  c o e f f i c i e n t  decreased t o  22 percent .  

Dry a l f a l f a  s tubb le  had a  r e f l e c t i o n  c o e f f i c i e n t  of 22 t o  25 percent  

depending upon t h e  amount of t r a s h  on t h e  su r f ace .  Limit ing s o i l  

moisture tended t o  decrease  the  r e f l e c t i o n  c o e f f i c i e n t  from 20 percent  

t o  19 pe rcen t .  

These r e s u l t s  i nd ica t ed  t h a t  normal c u l t u r a l  p r a c t i c e s  do no t  a l t e r  

t he  r e f l e c t i o n  c o e f f i c i e n t  g r e a t l y ,  Of course,  t h e  su r f aces  i nves t iga t ed  

were continuous b a r e  s o i l  and continuous crop.  Row crops would be a  

combination thereof  and t h e  r e f l e c t i o n  c o e f f i c i e n t s  r e s u l t i n g  would 

depend l a r g e l y  on whether t he  s o i l  su r f ace  was wet o r  dry during e a r l y  

s t a g e s  of development and upon t h e  raggedness of t h e  cover during 

l a t e r  s t ages  of development. These d a t a  do n a t  i n d i c a t e  a  source of 

moisture conserva t ion  due t o  d i f f e r i n g  r e f l e c t i o n  c o e f f i c i e n t s  a s  a  

r e s u l t  of management, 

PERSONNEL: Leo J.  F r i t s chen  
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Table 1. Incoming and r e f l e c t e d  s o l a r  r a d i a t i o n ,  t he  r a t i o  of 

r e f l e c t e d  t o  incoming s o l a r  r a d i a t i o n ,  and d e s c r i p t i o q  

of the  r e f l e c t i n g  su r f ace  f o r  1961, 1962, and 1963. 

Date 
Rsd 

R Rsu / Rsd Surface cond i t i on  su 

- 1 
+ly day + 

1 9 N o v 6 1  376 9 1 .241 Dry b a r e  s o i l  

22 Nov 61 341 8 3 ,244 Dry ba re  s o i l  

17 Feb 62 450 6 4 ,141 Wet bare  s o i l ,  i r r i g a t e d  15 Feb 

18 Feb 62 464 6 7 . I45 Drying s o i l  

22 Feb 62 469 7 0 

23 Feb 62 444 7 8 

27 Feb 62 494 9 5 

2 8 F e b 6 2  526 110 

1 M a r 6 2  518 118 

2 Mar 62 521 124 

7 Mar 62 119 3 1 

24 Mar 62 618 9 3 

28 Mar 62 614 8 7 

5 Apr 62 622 102 

6 A p r 6 2  618 144 

4-mm r a i n  on 19 Feb and 
3-mm r a i n  on 21 Feb 

Drying s o i l  

8-mm r a i n  on 25 February 

Drying s o i l  

Drying s o i l  

Drying s o i l  

Dry ba re  s o i l  

Wet ba re  s o i l ,  i r r i g a t e d  22 Mar 

Drying s o i l  

Drying s o i l  

Dry ba re  s o i l  

2 9 M a y 6 2  720 9 6 . I 3 3  Emerging sudangrass,  i r r i g a t e d  28 May 

5 Jun 62 746 162 .217 Growing sudangrass 

1 1 J u n 6 2  747 166 . 2  23 Growing sudangrass,  i r r i g a t e d  6 June 

1 8 J u n 6 2  735 156 .213 Growing sudangrass,  mowed t o  15 cm and 
i r r i g a t e d  12 June  

21 Jun  62 728 137 . I88  Growing sudangrass,  i r r i g a t e d  19 June 
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Table 1. Continued 

1 J u l  62 

8 J u l  62 

13 J u l  62 

22 J u l  62 

22 J u l  62 

31 J u l  62 

9 Aug 62 

17 Aug 62 

18 Aug 62 

13 Feb 63 

27 Mar 63 

23 Apr 63 

23 Apr 63 

23 Apr 63 

21 Jun 63 

4 J u l  63 

25 J u l  63 

9 Aug 63 

12 Sep 63 

25 Sep 63 

15 Oct 63 

Growing sudangrass 

Growing sudangrass 

140 cm wi th  inf lorescence ,  
i r r i g a t e d  9 J u l y  

100 cm s t a r t i n g  inf lorescence ,  
i r r i g a t e d  18 J u l y  

8-cm s tubble ,  i r r i g a t e d  18 J u l y  

Growing sudangrass,  mowed 26 Ju ly ,  
i r r i g a t e d  29 J u l y  

Growing sudangrass,  i r r i g a t e d  7 Aug 

Growing sudangrass,  mowed 12 Aug, 
i r r i g a t e d  15 August 

Growing sudangrass 

A l fa l f a ,  12 cm t a l l  

A l f a l f a ,  20 cm t a l l  

A l f a l f a ,  10 cm t a l l  

A l f a l f a ,  30 cm t a l l  

A l f a l f a ,  50 cm t a l l  

A l f a l f a ,  30 crn t a l l  

A l f a l f a ,  20 cm t a l l  

Dry s tubb le  

A l f a l f a ,  23-cm s tubb le  

A l f a l f a ,  35-cm s tubble ,  
s o i l  moisture l i m i t i n g  

A l f a l f a ,  36-cm s tubb le ,  
s o i l  moisture l i m i t i n g  

Dry s tubb le  
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TITLE: DEVELOPMENT AND USE OF G&WA TUNSMISSION EQUIPMENT FOR THE 

MEASUREMENT OF SOIL DENSITY AND MOISTURE CONTENT. 

LINE PROJECT: SWC 4-gG4 CODE NO.: .Ariz.-WCL-20 

INTRODUCTION : \ 

See Annual Report f o r  1962, 

General.  The gamma-ray a t t e n u a t i o n  p r i n c i p l e  was used o r i g i n a l l y  

i n  s o i l  f o r  the  measurement of d ry  d e n s i t y  (bulk dens i ty ) .  However, 

s i n c e  the  measurement is b a s i c a l l y  one of t he  t o t a l  o r  wet dens i ty ,  i t  

can a l s o  be used f o r  measuring s o i l  water  conten t .  The use  of t h i s  

technique f a r  t h e  l abo ra to ry  s tudy  of t h e  water conten% i n  s o i l  columns 

foldowed quick ly  upon t h e  es tab l i shment  of genera l  p r i n c i p l e s  (4). 

Examples of such work a r e  repoft%k2;$,&rr (3) and Davidson, e t  a l .  (1).  

When u s e  is  made of t h e  count icg  of primary photons only, t h e  

method has a  p o t e n t i a l l y  high degree of r e s o l u t i o n .  This  i s  accom- 

p l i shed  i n  t h e  l abo ra to ry  by co l l ima t ing  both r a d i a t i o n  source and 

d e t e c t o r  and by e l e c t r o n i c a l l y  d i sc r imina t ing  a g a i n s t  secondary, 

s c a t t e r e d  photons. The mass a t t e n u a t i o n  c o e f f i c i e n t s  of t h e  va r ious  

s o i l  c o n s t i t u e n t s ,  w i th  t he  except ion  of hydrogen, a r e  not  g r e a t l y  

d i f f e r e n t ,  thus  pe rmi t t i ng  a  genera l  c a l i b r a t i o n  of d ry  d e n s i t y  ve r sus  

beam i n t e n s i t y .  However, under s t r i n g e n t  Laboratory condi t ions  t h e  

method a t t a i n s  a  s e n s i t i v i t y  t h a t  may r e q u i r e  an accounting f o r  t h e  

numerical d i f f e r e n c e  i n  t h e  mass a t t e n u a t i o n  c o e f f i c i e n t  f o r  water  and 

f o r  t h e  s o i l  s o l i d s ,  

Thus, Gurr (3) r epo r t ed  t h a t  from empirica!.ly obta ined  va lues  f o r  

t h e  above two c o e f f i c i e n t s ,  t h e  water  conten t  of s o i l  columns could be 

c a l c u l a t e d  from measurements of wet d e n s i t y  i n  1..25-cm increments wi th  

an average e r r o r  of about .005 volume f r a c t i o n ,  S imi l a r  work was done 

by Davidson, e t  a l . . ( l ) ,  who r epor t ed  a  mass a t t e n u a t i o n  c o e f f i c i e n t ,  
13 7 2 -3, us ing  a  Cs source, of 0.0769 + - 0,0012 cm g f o r  a  dry  s i l t  loam 

2 
and of 0.0815 + 0.0008 cm g-l f o r  water .  A t h e o r e t i c a l  v a l u e  of t h e  - 

2 -1 
l a t t e r  i s  0.0862 cm g (2).  A s tandard  e r r o r  of .002 volume f r a c t i o n  

f o r  t h e  c a l c u l a t e d  water  con ten t  was ind ica t ed ,  

When t h e  gamma a t t e n u a t i o n  method i s  t o  be  used f o r  measurements 

on s o i l  i n  s i t u ,  t h e  i n s t rumen ta l  problem is nuch g r e a t e r ,  Coll imation 
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of the source and detector is not practical and one must rely entirely 

upon electronic discrimination, The question is whether under such 

conditions one must also account for the effect of chemical composition 

(i.e., primarily water content) upon the attenuation coefficient, In 

earlier work by Van Bavel (4) this matter was neglected and it seemed 

worthwhile to re-evaluate the validity of such a working assumption. 

For the purpose of the present study, all measurements were made with 

a geometry and apparatus that could be used in the field, except that 

the electronic recording equipment was of the laboratory category, 

Theoretical, Information on the theoretical attenuation coeffi- 

cients of important soil elements can be found in Grodstein (2). Its 

implications for measurements in soil,using ~s~~~ as a garmna source, 

are briefly reviewed by Van Bavel ( 4 )  and further amplified in the 

following, 

For any compound or mixture the mass attenuation coefficient is 

in which ul are the mass attenuation coefficients of the elements 
. . o  n 

involved and fl their respective weight fractions. Theoretical ... n 
attenuation coefficients at 0.662 mev for 9 representative oven-dry 

soils of the United States are computed in Table 1, The average value 

of the attenuation coefficient, i$, is 0.0775 cm2 g-l as compared with 
2 -1 

that of water, pW, which is 0,0862 cm g 

The attenuation coefficient for a moist soil is then: 

- 3 in which pS is the dry density in g cm and pw the volumetric water 

content in g cmm3. The effect of water content and density upon-the 

total theoretical attenuation coefficient of moist soil can be seen 

in Table 2. 

The figures of Table 2 show that, in theory, there is no univer- 

sally applicable value of p for moist soil and, thus, no unique relation 

between (p + p ), or wet density, and beam intensity. Rather, the 
s W 

following relation applies: 
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I = I. exp- (ps Vs + Pw V w h  [I1 

in which I is the unattenuated beam intensity, I the actual one and x 
0 

the length of the attenuation path. To a much smaller extent one can 

say from Table 1 that the same conclusion pertains to the relation 

between p and gamma attenuation by the soil solids only, 
S 

Whether these theoretical distinctions warrant attention when 

measurement techniques are employed that are applicable to in situ 

measurement of soil moisture content, can be decided from the experi- 

mental data that follow. 

PROCEDURE : 

Equipment. The radiation source is a 5-mc capsule with a 

gamma-ray energy of 0 , 6 6 2  Mev. The source capsule, 1,270 cm in diameter 

and 1,905 cm long, is held in a positioning tube (OD 2 .54  cm) provided 

with holes with a diameter of 0,3 cm, drilled 1.0 9 0.1 cm apart 

vertically (Figure I), 

The detector is a 2,54-cm diameter by le27-cm thick NaI(T1) 

scintillation crystal mounted on a DuMont K1780 multiplier phototube, 

The signal of the phototube goes through an emitter-follower with a 

gain of 5 to the counting system. A positioning tube for the detector 

(OD 4.13 cm) was built, similar to the one for the source capsule, 

Both positioning tubes move freely in the access tubes such as would 

be used for field measurements. All parts are made out of brass stock, 

See Appendix I for description of electronic circuitry, 
i c  

To maintain the distake between the source and detector constant, 

an alignment jig was constructed as shown in Figure 2. The jig also 

allows access tubes to be placed parallel in the field, 

All data reported here were obtained with laboratory type counting 

equipment, The signal from the emitter-follower is fed into a linear 

amplifier, through a single-channel pulse height analyzer, into a 

scaler with a precision timer, The resolution time of the electronic 

system is on the order of gsec, All the electronic equipment had a 

common ground and was operated at 112 4- 0.3 VAC line voltage, 
* 
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For f u t u r e  f i e l d  measurements, count r a t e s  w i l l  be obtained with 

a s l i g h t l y  modified Tempe r a t e  meter (6) .  Tes ts  have indica ted  t h a t  

i t s  accuracy f o r  the  cu r ren t  app l i ca t ion  i s  equivalent  t o  t h a t  of the  

laboratory-type counting equipment. 

Standard. In order  t o  check on the  operat ion of the  e l e c t r o n i c  

system during the  measurements, the  count r a t e  through a magnesium rod 
- 3 (dens i ty  1.773 g cm ) was taken pe r iod ica l ly  and adjus ted  e lec t ron ic -  

a l l y  t o  give 3,000 + 35 cpm, the  devia t ion  being equivalent  t o  a  dens i ty  - -3 
change of + 0.003 gacm . Two Mg rods were used; one i n  which the  

access tubes were placed i n  holes d r f l l e d  through the  rod and the  o ther  

which was c u t  t o  j u s t  f i t  between the  access tubes. There-was no, 

d i f f e rence  between the  count r a t e s  obtained with e i t h e r  Mg rod. Before 

and a f t e r  each measurement the  count r a t e  i n  the  Mg standard was checked. 

During the  course of any one day the  d iscr iminator  Level usua l ly  had t o  

be adjus ted  + - 0.3 v o l t  with the  l e v e l  s e t  a t  approximately 45 v o l t s .  

This s l i g h t  adjustment i s  necessary because of the  d r i f t  i n  the  

e l ec t ron ic  system, 

The proper d iscr iminat ion  o r  pulse threshold l e v e l  was found a s  

fol lows,  A block of aluminum, approximately 11 cm th ick ,  was placed 

next t o  the  source, halfway between the  source and de tec to r ,  and next 

t o  the  d e t e c t o r ,  Count r a t e s  were obtained a t  these  th ree  pos i t ions  

a t  increas ing threshold s e t t i n g s ,  When the  count r a t e s  a t  the  th ree  

locat ions  were not  s i g n i f i c a n t l y  d i f f e r e n t  from each o ther ,  the  c o n t r i -  

bution of s c a t t e r e d  rad ia t ion  was considered n e g l i g i b l e  and the  count 

r a t e  i n  the  Mg rod a t  t h i s  threshold s e t t i n g  was adopted a s  the  

standard,  

The energy spectrum i n  a i r  a t  a  d is tance  of 1. m and the  i n t g g r a l  

count r a t e  i n  the  alignment j i g  through Mg a r e  shown i n  Figure 3 .  The 

locat ion  of the  threshold s e t t i n g  i s  indica ted  by the  arrow, 

Cal ibra t ion .  Ca l ib ra t ion  was required t o  f i n d  the  values of Io, 

'53 J 

and IC, i n  equation [ I ] ,  s o  t h a t  p could be ca lcula ted ,  given a 
W 

d i r e c t  measurement of p . Actually,  the  values of wsx and wwx were 
S 

measured and used f o r  the  computation, To evaluate  I and wSx, a  t r a y  
0 

was constructed conta in ing 20 s t a t i o n a r y  g lass  p la te s ,  each 0.6125 cm 
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thick, normal to the gamma beam, The tray was slotted so that the spaces 

between the plates could be filled with additional glass plates or with 

water (Figure 2), 

I represents the count rate of the unattenuated beam but this 
0 

rate is too high for accurate counting. Therefore, the value of I. was 

obtained by extrapolating to zero densltg from the count rates obtained 

with the glass tray with various numbers of plates, The density of 

each glass plate was determined and the error varied from + 0,001 g cm -3 
at 1.00 g cm-3 to + 0.002 g cm-3 at 2.000 g ~2,'"~~ 

The attenuation coefficient for oven-dry soil was obtained as 

follows: Oven-dry Adelanto loam was packed into a brass cylinder of 

6,l cm diameter and length such that it fitted snugly between the two 

access tubes, A mean count rate was determined by averaging the time 

in minutes for 20,000 counts at ten Iodations through the column, Know- 

ing I , the count rate, and the density of the oven-dry sample, the 
0 

attenuation coefficient of dry soil was calcul.ated, 

The attenuation coefficient of water was obtained by filling the 

spaces in the glass tray, one at a time, with water, Each section 

corresponds to a definite water density which is equivalent to a volu- 

metric water content and the count rate was determined for various 

combinations of water-filled sections. 

Verification, In order to assess the applicability of equation [I] 

for a soil (Adelanto loam), 26 soil samples ranging from 0.014 to 0,381 

volumetric water content were packed in brass cylinders. The time for 

20,000 counts was recorded at each of ten locations through each cylinder 

and the average count rate and standard deviation were calculated, The 
3 volume of the cylinder, 886 4- - P cm , and the weight of the entire soil 

sample was used to determine the gravimetric moisture content and the 
-3  

dry density, both with an error of + 0.003 g cm Errors reported 

here are computed at the 95% confidence level or roughly twice the 

standard error. , 
RESULTS AND DISCUSSION: 

The plot of glass density versus count rate (Figure 4) yields the 

value of lo, 115,900 + 880 cpm. The linearity of the relation indicates 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



then made of t h i s  ca lcu la ted  value versus the  measured one i n  Figure 7. 

The standard devia t ions  were omitted, but  a r e  equal t o  those i n  

Figure 6 ,  The s lope  of the  l i n e  i s  equal t o  1,1231 + 0,0577 and the  - 
i n t e rcep t  equal t o  -0.0036 + 0,0020, 

:T .~~+ts tab l i sh  whether o r  not  equation [ 21  is  equivalent  t o  equation 

[3],  and t o  e l iminate  the  sampling e r r o r  of I, a p l o t  bf t h e  water 

contents  ca lcu la ted  i n  both ways was made, shown in Figure 8 ,  The 

s lope  of the  l i n e  is  1,0688 4- - 0,0037 and the  i n t e r c e p t  06005 + 0.0005. - 
With t h e  type of equipment and procedures used t h e  r e l a t i o n  

between water content  and gamma a t termat iok  i s  accura te ly  described 

using the  exponential- inverse square Law. However, it i s  c r i t i c a l  t o  

determine and t o  maintain the  c o r r e c t  threshold value f o r  the  discrim- 

i n a t o r  s e t t i n g  (Figure 33, Once es tabl i shed,  only minor adjustments 

a r e  necessary t o  compensate f o r  e l e c t r o n i c  d r i f t ,  

Figures 4 and 5 show t h a t  a p rec i se  evaluat ion of the  a t t enua t ion  

c o e f f i c i e n t s  and of I can be made with our equipment. However, the  
0 

r e s u l t s  show i n  Figure 8 t h a t  the re  i s  no advantage i n  the  use  of equa- 

t i o n  [2]  over t h a t  of equation [3], thus e l iminat ing  t h e  need f o r  taking 

i n t o  account the  va lue  of p . Actually, equation 131 i s  given by l i n e  2 
W 

i n  Figure 4. Thus, pw + p can be read simply from a graph o r  from a s 
t a b l e  based on equation [3 I .  The rou t ine  use of equation [2 ]  is  more 

t ime-consuming , 

The s c a t t e r  of the  da ta  po in t s  i n  Figures 7 and 8 i s  i n  marked 

c o n t r a s t  with the  q u a l i t y  of t h e  da ta  i n  Figures 4 and 5. Since the  

same equipment and procedures were used, the  v a r i a t i o n  i n  I i s  caused 

by random v a r i a t i o n  of p o r  pS wi th in  the  columns of moist s o i l ,  This 
W 

explanation is supported by an ana lys i s  of v a r i a t i o n  and by the  f a c t  

t h a t  the  regress ion  l i n e s  a r e  not  s i g n i f i c a n t l y  d i f f e r e n t  from a 1:1 

r e l a t i o n .  

Thus, an empirical  c a l i b r a t i o n  of the  equipment i n  terms of I v s ,  

p + p i s  not  only unnecessary, bu t  a l s o  poss ib ly  misleading,  Obviously, 
W s 

both I0 and ps should be determined with g rea t  p rec i s ion .  The same 

point  is  made by Davidson, e t  a l e  (I),  However, our da ta  show, i n  

addi t ion ,  t h a t  no s i g n i f i c a n t  e r r o r  i s  made by neglec t ing  t h e  e f f e c t  of 
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changing chemical composition. The data  from Davidson, e t  a l e  (1) and 

our own give a value of 0.934 and 0.943, respectively,  f o r  ir ./pw. 
S 

.Evidently, t h i s  i s  not s ign i f ican t ly  d i f f e r en t  from uni ty  f o r  the  

purpose a t  hand, 

The accuracy of the method can beeestimated from the e r ro r s  i n  I 
0' 

I, and u x as used i n  equation E3 I .  The precision i s  influenced only 
S 

by t h e , e r r o r  i n  I. With the equipment used here the following standard 

e r rors  fo r  the  measurement of p $. p a re  estimated: s W 

P- -)- P-- Accuracy Precision 

The above f igures  per ta in  t o  a t o t a l  count of 20,000. The value of 
-3 

0.002 g cm , as  given by Davidson, .g& s. (I), presumably per ta ins  

t o  a precision and a t o t a l  count of -about 200,0001 It i s  important 

t o  r ea l i z e  t ha t  the  method may indicate  changes i n  moisture content 

ra ther  precisely,  but t ha t  the  absolute moisture content may be sub- , 

j ec t  t o  a larger  e r ro r ,  

The pr incipal  j u s t i f i c a t i on  f o r  using gamma at tenuat ion f o r  

measuring the water content of s o i l  i n  s i t u  res ides  i n  the resolving ; 

power of t he  method, t ha t  i s ,  the s i ze  of the  s o i l  body seen by t he  

detector.  Theoretically, i t  should be equal t o  the so l i d  angle sub- 

tended by the s c i n t i l l a t i o n  c r y s t a l  with reference t o  the radioactive 

point source. Previous work (5) using s imilar  equipment has shown 

tha t  the resolut ion of the method i s  on the order of 1 cm, a s  expected. 

This means t ha t  a s o i l  p r o f i l e  could be scanned i n  one-centimeter 

layers ,  

Finally,  a t tenuat ion i s  drawn t o  the undes i rab i l i ty  of using 

large radioactive sources f o r  f i e l d  work. Thus, f i e l d  observations 

w i l l  o f ten require  longer counting times and a l so  have l e s s  precision 
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as compared to laboratory type experimentation. Nevertheless, a 

field version of the gamma attenuatior~ method for moisture measurement 

can give results unattainable by any other method in terms of accuracy, 

resolution, and absence of time lag and site disturbance. 

SUMMARY AM) CONCLUSIONS :: 

Gamma-ray attenuation measurements of wet density were made with 

a 5-mc source over a pathlength of about 30 cm. Data were 

obtained for glass and water systems as well as for soil materials of 

varying water content. 

The laboratory equipment was designed arid constructed for use in 

the measurement of water content of soil in situ in 1-cm increments. 

Experimental results verify theoretical considerations on the use 

of gamma attenuation for soil water measurement. For equipment cali- 

bration, only the unattenuated beam intensity and the attenuation 

coefficient for oven-dry soil need be determined to make use of the 

exponential inverse square law for calculating the water content, 

given the dry density. 'She data demonstrate that  he difference in 

the attenuation coefficients of dry soil and water can be neglected 

without error, 

Accuracy of the method, for a total count of 20,000, varies from 

0.010 to 0.014 g cm-3 for wet densities of 1.150 to 1.900 g 

respectively. For'the same total count, a precision of 0.006 g cm - 3 
is demonstrated. 
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APPENDIX I-ELECTRONIC CIRCUITRY: 

A schematic of the phototube and emitter-follower (preamp) is 

shown in Figure 9, Connections A, C, and E represent the numbered 

pins on a bayonet-type connector between the phototube and preamp. 

Connections Al, A2, and A represent the external electrical leads. 3 
The construction of the detector tube is such that all parts (crystal, 

phototube, preamp, and exterior electrical leads) may be disconnected 

rapidly without having to unsolder connections. 

The preamp was designed-specifically for crystal scintillation 

counting. The gain of the preamp is adjustable by the magnitude of 

the fixed resistor, R. For example, a gain of 5x requires a SK fi 

resistor, a gain of 10x requires a 1 0 ~ n  resistor. Power for the 

preamp is supplied by four 5.4 v mercury batteries in series, 

High voltage to the phototube is supplied from the circuit shown 

in Figure 10. The output voltage, 700 v, is quite stable, + - 0.5 v, 

if the high voltage to the phototube is on about 24 hours previous to 

the time of measurement. This is accomplished by connecting a labora- 

tory transformer, 110 VAC to 6 VDC, to the phototube before a run is 

to be made, Then about one hour before the run, the 6 1IIK: lead is 

switched from the laboratory transformer to the two 5.4 VIX mercury 

batteries in parallel. This procedure is used to extend the useful 

life of the batteries for field use and to allow sufficient warm-up 

time for the phototube. The latter point was determined strictly from 

experience. I 

With 700 VDC'applied to the phototube, the magnitude of the 

phototube output signal is on the order of 30 mv. This signal then 

goes to the preamp, amplified by a factor of five, and then feeds 

directly into the electronic counting equipment. 

The complete representation of the detection and counting 

systems is shown in the block diagram, Figure 11. In actual practice 

the 700 VDC high voltage supply is incorporated directly into the 

modified Tempe rate meter. 
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able 1, Representative s o i l s  of the United Sta tes ,  t h e i r  chemical composi- 

1 1 tion- and t heo re t i c a l  mass a t tenuat ion coef f i c ien t s  a t  .662 mev, 

2/ 
'O i l  s o i l  S p e -  Great 
No, 2 / mcaf  ion S o i l  Group- Depth 

Caribou loam 
Miami s i l t  loam 
Norfolk sand 
Ceci l  ciay loam 
Marshal* s i l t  loam 
Houston black c lay 
Barnes s i l t  loam 
Dzrk Brown sandy c lay  
Mohave loam 

Podzol 
Gcey-Brown Podzs lic 

ed & Yellow s o i l s  
Red & Yellow s o i l s  
P r a i r i e  s o i l s  
P r a i r i e  s o i l s  
Chernozem 
Brown s o i l s  
Grey Desert s o i l s  

Hou l ton,  Me, 105  - 4" 
Hancock Co,, Ind, 5 - 12" 
&likehell Coo, Ga, 23 - 24" 
Greenhill ,  N. C ,  6 - 40" 
Fremont CO., k0 0 - 10" 
Reinhardt, Tex, 6 - 14" 
Moody Co., S ,  D o  8 - 23" 
G i l l e t t e ,  Wyo. 9" + 
Buckeye, Ariz, 6 - 14" 

_'I_________;c t ", - 
S-mb e r . . . .  . _ , - 

1 2 3 . 4 5 6 7 8 9 
Composition of Oven-Dry S o i l  i n  % by Weight 

/ Based upon data  from "Atlas of h e r i c a n  Agriculture,' '  Uo  S o  Department of 
Agriculture, Washington, 1936, The f igure  f o r  H i s  obtained by subtract ing 
(20 X N + Ca-rbonate C O  ) f ram ign i t ion  loss,  considering t h i s  a s  '"bound 
riatar." To t h i s  arnounz i s  added 0.041 x 20 X N, as  an est imate of H i n  
organic matter ,  C is  found from Carbonate C02 and 0,58 x 20 x N o  The ". rkgures f o r  B and C a r e  est imates only. 0 i s  obtained by difference,  a l l  
o thers  a r e  based upon ac tua l  analys is ,  

' For reference purposes the  names and c l a s s i f i c a t i o n  of s o i l s  a s  used i n  the  
"Atlas " have been re ta ined,  
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Table 2, Theoretical. galma atte:ma.cicjlz coef f i c ien t  a t  .662 Mev i n  

2 -1 
cm g of moist soil a t  varying dry density and volumetric 

moisture content, 

Dry Volumetric Moisture con ten^: 
Dens i t y  g cm -3 

fi ~ r n - ~  0 ,OO 0 , 10 0,ZO 0,30 0,40 0050 0,60 
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Figure  1. Source and d e t e c t o r  probe arrangement f o r  gamma t ransmiss ion  appa ra tu s .  Annual Report of the U.S. Water Conservation Laboratory
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-Figure 3 .  Energy spectrum f o r  0 ~ ' ~ ~ ;  (1) i n t e g r a l  count r a t e  . 
i n  M g  with a pathlength of 32 cm, c2) d i f f e r e n t i a l  
count r a t e  i n  a i r  with source and ae t ec to r  1 m apar t  
(arrow indicates  threshold value).  

Annual Report of the U.S. Water Conservation Laboratory



-3 
Figure 4.  Count r a t e  versus  d e n s i t y  (g cm ) (1) from p l a t e  g lass  t ray ,  (2)  from one oven-dry 

s o i l  poin t  and i n t e r c e p t  ext rapola ted  from (1) .  
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Figure 5 .  Count r a t e  versus  water content  determined from f i l l i n g  g lass  t r a y  wi th  water.  Annual Report of the U.S. Water Conservation Laboratory



US Water Conset- vation Labora tory, 

1 

Figure 6. Water content calculated from p' = versus 
W 

measured water content J Pw* X"w Annual Report of the U.S. Water Conservation Laboratory
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Figure 7. Water content  ca lcu la ted  from p" = 

W "53 - 
versus  measured water  content,  p--. 
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U. S. Woter Conser vofiun Laburo fury, 

.Figure 8. Water content p" versus p ' .  
W .  W 
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- Figure 11. Block diagram of detection and counting systems for gamma transmission apparatus. 
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Figure 10. Schematic of high voltage supply for multiplier phototube. 
, 
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TITLE : THE USE OF SALTY WELL WATER FOR THE PRE-PLANTING IRRIGATION 

OH SILTY CLAY SOILS 

LINE PROJECT: SWC 4-gG3 CODE N,: Ari.2,-WCL-22 

INTRODUCTION : 

For need of study see Annual Report 1958, The object ive  of the 

experiment i s  t o  determine the amount of water t o  apply a t  the pre- 

planting i r r i g a t i o n  t o  maintain economic production. The experiment 

was i n i t i a t e d  April 1, 1958, An invest igat ive  study on the use of 

s a l i ne  water on the Price Ranch i s  included under WCL-22, Data w i l l  

be found subsequent t o  the  discussion on WCL-22, 

PROCEDURE : 

The experiment i s  located a t  the  University of Arizona Experiment 

Farm, Safford Branch, Safford, Arizona. The experiment was conducted 

on Field "I" borders 1-18. 

Plots were plowed i n  January 1963, and allowed t o  dry ou t ,  On 

March 25, 1963, the  following amounts of pre-planting-leaching water 

(2596 ppm) were applied,  

1, 8 inches of well water - plo t s  4, 6, 12, 17, 

2 ,  12 inches of well water - plo t s  3, 8, 10, 16, 

3 ,  18 inches of well water - plo t s  2, 7, 11, 14, 

4.1 19 inches of well water - plots  5, 9, 13, 15. 

oni April 11, 1963 a l l  p lo t s  were planted t o  New Mexico 15171) 

(short  s t ap l e )  and Pima S-2 (long s t ap l e )  v a r i e t i e s .  DifficuJ.ty i n  

proper placement of seed i n  moisture was noted a t  t h i s  time, A poor 

stand was obtained and the p lo t s  were disked, furrowed out, and 

replanted on May 12, 1963. Plots were then given a l i g h t  i r r i g a t i o n  

on May 15, 1963, 

s o i l  s a l t  measurements were made on a l l  p lo t s  previous t o  and 

a f t e r  the  leaching i r r i ga t i on ,  A f i n a l  s o i l - s a l t  measurement was 

made j u s t  p r io r  t o  harvest ,  

The appl icat ion of water during the growing season was super- 

v ised,  Only t ha t  amount necessary fo r  consumptive use was given, 

Areas for  y ie ld  measurements were marked off  and thinned when 

plants  were about 6 inches t a l l ,  
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I r r i g a t i o n  dates .  - -  Leaching i r r i g a t i o n  3/25, I r r i g a t i o n s  f o r  

consumptive use purposes, 6/27, 7/19, 8/17, 9/19, In  addit ion,  4.43 

inches of r a i n  f e l l  during the  month of August. 

RESULTS AND DISCUSSION: 

A good stand of cot ton  was obtained a f t e r  the  second plant ing ,  

Yield Seed Cotton (1517D) i n  Pounds Per P lo t  

Reps, 

T r t s .  - 
8" 

12" 

18" 

19" 

T r t s ,  - 
8" 

12" 

18" 

19" 

1 - 2 - 3 - 4 - Me an - 
21.0 18,O 20.0 17.0 19.0 

21.0 21.~0 23.0 20.0 21.3 

19.0 25.0 27.0 28.0 24.8 

23.0 20.0 27.0 22.0 23.0 

No. s i g .  

Yield Seed Cotton (Pima S-2) i n  Pounds Per P lo t  

Reps. 

1 - 2 - 3 - 4 - Mean - 
13 , O  10.0 15 , O  12.0 12.5 

11 , 0 12.0 17.0 l6,O 14.0 

14.0 13.0 16.0 17 , O  15.0 

18,O 12.0 17.0 18,O 16.3 

No Sig. 

A very s a l t y  s o i l  ex i s t ed  previous t o  leaching (Figure 1) .  After  

leaching, s o i l s  were s t i l l  i n  the  2900 t o  3800 range, poor germination 

resu l t ed ,  but mainly because of  poor seed s o i l  moisture contac t .  Where 

seeds and s o i l  were i n  c lose  contac t  and wet, good germination r e s u l t e d ,  

The l a t e  second plant ing  date  May 15 r e s u l t e d  i n  genera l ly  low y i e l d s  

e spec ia l ly  i n  long s t a p l e  cot ton .  The 4.4 inches of r a i n  following the 

8/17 i r r i g a t i o n  probably accomplished some l a t e  season leaching.  

SUMMARY AND CONCLUSIONS: 

There was no s i g n i f i c a n t  d i f ference  i n  y i e l d ,  However, the  8-inch 

# leaching treatment was lowest on both v a r i e t i e s  a s  i n  previous yea r s ,  

When both v a r i e t i e s  a r e  considered, average y i e l d  increases  by 

treatments over the  8-inch treatment a re :  
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12-inch treatment 12% 

18-inch treatment 26,3% 

19-inch treatment 24.0% 

A. SALINE WATER USE INVESTIGATION ON THE PRICE RANCH 

INTRODUCT I0 N : 

High s a l i n e  water i s  being used i n  maay areas  i n  Arizona for 

i r r i g a t i o n  purposes. One of  these  areas i.s the Pr ice  Ranch west o f  

Chandler. D i f f i c u l t i e s  have been encountered on t h i s  ranch when 

producing cotton.  Generally, it is  d i f f i c u l t  t o  ob ta in  stands,  

maintain them, and r e a l i z e  high y i e l d s ,  

During the  1962 growing season observations,  preliminary sug.- 

ges t ions  and small t e s t s  were conducted, It was found t h a t  good 

y i e l d s  could be obtained by proper management during the  production 

phase of the  growing season, The major remaining problem was E.ow 

t o  obta in  aod maintain s t ands ,  Cha~ges  i n  the p lant ing  operatioszs, 

e a r l y  season water management and asphal t  mulches seemed to  o f f e r  

the  g r e a t e s t  p o s s i b i l i t i e s ,  

The q u a l i t y  of water i n  1963 var ied  from 5000 t o  7000 ppm. 

A water sample taken during the  ea r ly  pa r t  of the  growing season 

contained 6400 ppm of s a l t s .  The sodium percentage was 64%, sodium- 

calcium r a t i o  1,37, su lphates  711 ppm, chlor ides  3018 ppm, PH -: 7,7 

and an SAR value of 13.05. The PH of the s o i l  was 8.0,  The s o i l  

i s  a sandy loam containing 66% sand, 25% s i l t ,  and 9% clay .  

No. 1 Inves t iga t ion  

A conventional vegetable p lan te r  was converted, such t h a t  i t  

p lanted  on the  s lope  of  a standard furrowed-out bed. Contact was 

made with an o i l  company t o  apply an asphal t  emulsion as  an 8-inch 

cap on p lant ings ,  

d u r  quarter-mile row p l o t s  were set up t o  study the  use of 

the  re-vamped vegetable p lan te r  a s  compared t o  the  standard furrow 

p l a n t e r ,  An asphal t  emulsion cap (app, 8" wide) was applied over 

the  planted seed on both types of i n i t i a l l y  wet and dry beds, 
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S o i l - s a l t ,  temperature and s o i l  moisture measurements were made on 

the  4-row p lo t s  s t a r t i n g  a t  the  s o i l  preparat ion period and u n t i l  

p lants  were well e s t ab l i shed .  

No. 2 Inves t iga t ion  

An add i t iona l  s e t  of p lo t s  was es tabl i shed i n  the  f i e l d  p lant ing  

Apr i l  22 t o  follow the  s a l t  movement i n  the root  zone during the 

growing season. I r r i g a t i o n s  were applied on an every-other-row 

system u n t i l  June 14, then i r r i g a t i o n s  were given i n  every row. 

S o i l - s a l t  samples were taken a t  5 locat ions ,  2 samples a t  

each loca t ion  and each loca t ion  duplicated.  Samples were taken a t  

depths of 0-6, 6-12, 12-24, and 24-36 inches ,  

D D 

opened t o  here about 
Apr i l  15. 

2 <. 

A, B, C, D, E - r e f e r  t o  s o i l  sampling loca t ions ,  

RESULTS AND DISCUSSION : 

No. 1 Inves t iga t ion  

1. After the  f i r s t  i r r i g a t i o n  on i n i t i a l l y  dry s o i l  on e i t h e r  

type of  p lant ing  bed i n  the  0-3 inch depth, mulched with a petroleum 

cap, the  s a l t s  r a i s e d  from l e s s  than 1000 ppm t o  about 1500 ppm. 

Where no cap exis ted ,  s a l t s  went up t o  about 2600 ppm. Subsequent 

i r r i g a t i o n s  increased s a l t s  mainly i n  the  0-3 inch depth. 

2,  On the  i n i t i a l l y  wet s o i l s  on e i t h e r  type bed, a very 

des i rab le  0-3 inch depth, s o i l - s a l t  zone ex i s t ed  (1380 ppm) u n t i l  an 

i r r i g a t i o n  was given, then the s o i l - s a l t s  increased t o  about 1900 

ppm. The no-capped areas  increased t o  2900 ppm. 

3 .  The amount of s o i l  s a l t s  i n  the 0-3 inch s o i l  p r o f i l e  pro- 

g ress ive ly  increased from the  wetted perimeter t o  the top of  the  bed. 
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The s o i l - s a l t  r e l a t i o n s h i p  a t  the 3-6 and 6-9 inch depths was 

des i rab le  a t  a l l  l oca t ions ,  

4% Soil-moisture depleted j u s t  as  r ap id ly  under a  cap a s  

without a  cap. 

5 ,  Soil-temperature a t  the  seed depth under a  cap was 

considerably higher during the  sunshine hours than without a  cap. 

6, Tota l  s o i l - s a l t s  do not  appear t o  be unusually high, This 

s o i l  d r i e s  out  q u i t e  rapid ly ,  thus jeopardizing germination, causing 

the  requirement of an i r r i g a t i o n ,  a t  which time the  s a l t s  increase 

s i g n i f i c a n t l y ,  but s t i l l  remain below the  3000 ppm range i n  the  

roo t  zone during the e a r l y  season. 

7 .  Germination problems were most severe where seeds were 

planted too shallow o r  too deep, indica t ing  the  need f o r  a  more 

prec is ion  p lan t ing ,  

No. 2  Inves t iga t ion  

1. An analys is  of variance showed s ign i f i cance  a t  the  1% l e v e l  

between locat ions  on the  bed, and depths, The A and B locat ions  were 

l e s s  toxic  than the o the r  locat ions .  Both A and B were inundated 

when i r r i g a t i o n  water was applied.  

2 ,  The 0-6 inch depth was the  most tox ic  under the  C, D and E 

loca t ions ,  The s o i l - s a l t  condit ions a t  the  A and B locat ions  were 

q u i t e  homogeneous throughout the  s o i l  p ro f i l e ,  averaging 1380 ppm. 

S a l t s  were r e l a t i v e l y  low i n  the  12- t o  36-inch s o i l  p r o f i l e  (1600 

ppm) under the C and D loca t ions .  

3 ,  After  converting t o  an every-row i r r i g a t i o n  over an every- 

other-row system (middle of June) s a l t s  a t  the  E loca t ion  were s i g n i -  

f i c a n t l y  lowered. A t rend upward a t  the C loca t ion  occurred immedi- 

a t e l y  a f t e r  the i r r i g a t i o n  change took place but re turned t o  e a r l y  

season l eve l s  by the  end of the  year .  

4 ,  On the  bas is  of past  experience and the  s o i l - s a l t  measurements, 

i t  seems doubtful  tha t  s o i l - s a l t s  a r e  the only problem a f fec t ing  cot ton  

production on t h i s  ranch,  It would appear t h a t  more p rec i s ion  i n  p lant ing  

must be achieved, n i t rogen f e r t i l i z e r  appl ica t ions  must be increased, and 

the  timing of the f i r s t  i r r i g a t i o n  a f t e r  p lant ing  should be b e t t e r  managed. 

PERSONNEL: Leonard J. Er ie  and Orrin I?. French 
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TITLE: CONSUMPTIVE USE OF WATER BY CROPS I N  ARIZONA 

LINE PROJECT: SWC 11-gG1 CODE NO.: Ariz,-WCL-23 

INTRODUCTION : 

See previous Annual Reports.  

PROCEDURE : 

Consumptive use measurements were made a t  the  following locat ions  

i n  1963, 

1. A l f a l f a  - Mesa Experiment Farm and Cotton Research Center,  

2.  Bermuda lawn - U. S. Water Conservation Laboratory, 

3 .  Potatoes - Mesa Experiment Farm, 

4.  Safflower - Mesa Experiment Farm, 

5 ,  Grapes - Mesa Experiment Farm and Robert Frye Ranch, 

L i t c h f i e l d  Park, Arizona, 

RESULTS AND DISCUSS I O N  : 

An exploratory study on the  measurement of consumptive use by 

saff lower planted a t  various row widths i s  included under WCL-23, 

Data w i l l  be found subsequent t o  the  discussion on WCL-23, A f i e l d  

c a l i b r a t i o n  of i rrometers  i s  a l s o  included under WCL-23 following 

the  exploratory study on saf f lower ,  

Early i r r i g a t i o n s  on a l f a l f a  were cont ro l led  t o  e l iminate  as  much 

deep percola t ion  as  poss ib le .  By con t ro l l ing  these  e a r l y  i r r i g a t i o n s ,  

i n t e r p r e t a t i o n s  of measurements of consumptive use and s o i l  moisture 

ex t rac t ion  pa t t e rns  a r e  s impl i f i ed ,  

Frequency of i r r i g a t i o n s  on grapes were reduced from the  1962 

schedule, Two i r r i g a t i o n  schedules (2 & 4 week) were u t i l i z e d  a t  the  

Bob Frye Ranch on Thompson Seedless grapes ,  S o i l  moisture i n  the wet 

treatment i n  1963 a t  the  Frye Ranch was comparable t o  the  dry t r e a t -  

ment i n  1962. Yield measurements ind ica te  t h a t  reduced water app l i -  

ca t ions  wi th in  the l i m i t s  of  our study increased e a r l i n e s s  and thus 

increased e a r l y  picking y i e l d s .  A suggested i r r i g a t i o n  schedule was 

followed a t  the  Mesa Experiment Farm on Cardinal grapes.  

Tables 1 and 2 represent  semi-monthly consumptive use and 

Blaney-Criddle "K" f a c t o r s ,  In  addi t ion ,  seasonal "F" and "K" 

f a c t o r s  a r e  included f o r  each crop. 
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Figures 1 through 10 show the  consumptive use curves fo r  the 

various crops during the  growing season, In addit ion,  the percent 

water use by s o i l  depth i s  included. 

A. WATER USE BY SAFFLOWER 

INTRODUCTION : 

In the pas t  2 t o  3 years ,  saff lower has gained much importance 

economically i n  Arizona, There a r e  severa l  methods of p lant ing  as 

well  as  widths of  row spacing, A l l  previous consumptive use work 

was done on a 40" row spacing. The ob jec t ive  of t h i s  study was t o  

determine the  consumptive use of  water by safflower a t  various row 

spacings , 

PROCEDURE : 

The experiment was located a t  the  University of Arizona Mesa 

Experiment Farm, Mesa, Arizona. One border 27.5 x 275 f e e t  was 

prepared f o r  p lant ing  and a pre-planting i r r i g a t i o n  was given about 

the  middle of December, On January 1,1963, the Gila v a r i e t y  of 

saff lower was planted on the  f l a t  wi th  a d r i l l  i n  3-row spacings: 

7, 21 and 42 inches,  A t  the  same time, 50 lbs  t o  the acre  of 

n i t rogen was applied.  Two more appl ica t ions  of n i t rogen (50 lbs )  

were applied a t  the  second and t h i r d  i r r i g a t i o n s .  

Consumptive use measurements were made on the  3-row spacing 

treatments throughout the growing season. 

RESULTS AND DISCUSSION: 

Due t o  the  excessive cold weather i n  January, the  safflower 

did not g e t  o f f  t o  a good s t a r t ,  Uniform stands were noted i n  the 

7- and 21-inch spacings,  The 42-inch spacing was planted too deep 

and along wi th  the cold weather, f e l l  behind i n  i n i t i a l  growth and 

s tand.  

I r r i g a t i o n s  were applied according t o  the bes t  producing 

schedule developed from previous research.  

SUMMARY AND CONCLUSIONS : 

The consumptive use by saff lower i s  increased as row widths 

a r e  decreased. This increase i n  consumptive use i s  not  i n  pro- 

por t ion  t o  the  increase  i n  number of p lants  i n  the  narrower row 
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spacings. The 7-inch spacing p lo t s  contained three  times as  many 

plants  as  the  21-inch spacing and used an add i t iona l  7 inches of 

water.  The 42-inch spacing treatment used 8 inches Less water than 

the  21-inch spacing treatment,  

Because of a poorer stand arid slow s t a r t  i n  the 42-inch spacing, 

comparisons wi th  the o ther  spacings a r e  not  compkte ly  v a l i d ,  The 

analys is  of variance on y i e l d s  icdiea ted  high significance i n  

increased y i e l d  by the 7- and 21-inch over the 4 2 - i x h  spacing, 

The 7-inch spacing outyielded the 2'8-inch by 8%, The 7- and 21- 

inch spacing p l o t s  averaged 5572 p o ~ s d s  per a c r e ,  

B. FIELD CALIBRATION BP' ERROl4ETERS 

INTRODUCT TON : 

Irrometers were i n s t a l l e d  on various f i e l d s  a t  the  Cotton 

Research Center, These irrometers  were t o  be used t o  determine 

when t o  i r r i g a t e  the  various experiments, Readings were e r r a t i c  

and did not seem t o  c o r r e l a t e  with the  v i s u a l  p lant  indica t ions  of 

moisture needs. The superintendent of the  Cotton Research Center 

i s  responsible f o r  determining when t o  i r r i g a t e ,  Since there  was 

some doubt i n  the  minds of the projec t  supervisors  about the v a l i -  

d i t y  of the irrometer  readings i t  was decided t o  coaduct a f i e l d  

c a l i b r a t i o n  on some of them, This c a l i b r a t i o n  phase was done i n  

cooperation wi th  Lloyd Patterson, Universi ty of Arizona, 

PROCEDURE : 

Irrometers were i n s t a l l e d  a t  depths of 12, 24 and 48 inches. 

It was decided t o  use irrometers  a t  the  24-inch depth, Three 

soi l-moisture samples (6 inches i n  length)  were taken on three  

s ides  of the  ceramic t i p  a t  various readings of the  irrometer 

ranging from f i e l d  capacity u n t i l  the  irrometer broke tens ion,  

RESULTS AND DISCUSSXQN : 

Figure I L  represents  the comparison of a c t u a l  s o i l  moisture 

with the irrometer  readings,  Each ent ry  on Figure 11 represents  

the  mean of th ree  separa te  samples of s o i l ,  
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The tension would usually break before the  irrometer  read 80. 

It should be noted the l i m i t  of  use i s  i n  the  range of f i e l d  capacity 

t o  where only 40 percent  of the  ava i l ab le  water i s  used, 

Very l i t t l e  change i n  reading occurs u n t i l  about 20 percent of 

the  ava i l ab le  water i s  used,  the^ the gage moves q u i t e  r ap id ly ,  

PERSONNEL: Leonard J. Er ie  and Orrin F, French, 

Annual Report of the U.S. Water Conservation Laboratory



Table 1. Semi-monthly use  and "Kt' v a lues  f o r  var ious crops i n  Arizona 1963 

ALFALFA MEF ALFALFA CRC BERMUDA POTATOES 

CU K CU K CU K CU K 

Jan  1-15 

Jan 16-31 

Feb 1-14 

Feb 15-28 

Mar 1-15 

Mar 16-31 

Apr 1-15 

Apr 16-30 

M;iy 1-15 

May 16-31 

June 1-15 

June 16-30 

J u l y  1-15 

J u l y  16-31 

Aug 1-15 

Aug 16-31 

Sept  1-15 

Sept  16-30 

Oct 1-15 

Oct 16-31 

Nov 1-15 

Nov 16-30 

Dec 1-15 

Dec 16-31 

T o t a l  

Seasonal  "F" 

Seasonal  "K" 
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Table 2. Semi-monthly use and "K" values for various crops i n  Arizona 1963 

Jan 5-15 

Jan 16-31 

Feb 1-14 

Feb 15-28 

Mar 1-15 

Mar 16-31 

Apr 1-15 

Apr 16-30 

May 1-15 

i May 16-31 

June 1-15 

June 16-30 

July  1-15 

July  16-31 

Aug 1-15 

Aug 16-31 

Sept 1-15 

Sept 16-30 

Oct 1-15 

Oct 16-31 

Nov 1-15 

Nov 16-30 

Dec 1-15 

Dec 16-31 

Total 

Seasonal q'FPF 

SAFFLOWER 
7 inch 

CU K 

eO8; a05 

.32 . la  
852 a24 

.84 ,42 

1.79 .79 

3.66 1.39 

5.40 1.85 

6.67 2.49 

7,88 2.22 

9.12 2.30 

8.55 2.22 

7.95 1.95 

4e20 e99 

a15 a 1 7  

SAFFLOWER 
21 inch 

CU K 

eO8 ,05 

,32 ,18 

,49 .23 

.76 .38 

1.55 .68 

3.57 1.35 

4.88 1-68 

6.27 2.34 

7.55 2.13 

8.93 2.25 

7.45 1.93 

6.66 1.63 

l a 2 3  ,29 

,14 ,16 

Seasonal ''M'P Ba4& 

SAFFLOWER 
42 inch 

CU K 

a08 e05 

,32 .I8 

.49 ,23 

.81 .41 

1.42 .63 

2.48 . 94 

3.52 1.21 

4.68 1.75 

5,78 1.63 

7.10 1.79 

6.66 1.73 

5.55 1.36 

2.85 ,67 

a18 a20 

GRAPES 
MEF 

CU K 
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Table 3 ,  Semi-monthly use and "Kt' values for  various crops i n  Arizona 1963 

GRAPES GRAPES 
FRYE - WET FRYE - DRY 

CU K CU K 

Jan 1-15 

Jan 16131 t 

Feb 1-14 

Feb 15-23 

Mar 1-15 

Mar 16-31 e 24 ,I1 .24 .11 

Apr 1-15 P ,43 .49 1.04 .35 
Apr 16-30 3.10 1.15 1,99 ". 72 

bZay 1-55 4.05 1.12 2 9 73 .76 

May 16-31 4,96 1.23 3.04 .76 
i 

June 1-15 3,23 .88 2,90 .79 

June 16-30 2,lO .51 3,27 .80 

July  1-15 4 17 097 4032 1.01 

July 16-31 1 ,46 "61 *74 .31 

Aug 1-15 

Aug 16-31 

Sept 1-15 

Sept 16-30 

Oct 1-15 

Nov 1-15 

Nov 16-30 

Dee 1-15 

Dec 16-31 - v 

Seasonal ' t ' O  e 6 8  . 
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TSTLE : THEORETICAL EFFECT OF SOIL, WATER TABLE, AND CANAL CONDITXONS 

ON SEEPAGE FROM CANALS 

LINE PROJECT: SWC 4-gGl CODE NO, : Ariz, -WCL-24 

INTRODUCTION : 

'Analyses of canal seepage with the resistance network analog 

(R-analog) for various conditions of canal, soil, and water table, 

were continued in 1963. Part af the studies were reported in Annual 

Report 1962. The present report contains the complete results of the 

analyses for seepage into uniform soil underlain by very permeable or 

essentially impermeable material. The analyses of seepage to a free- 

draining permeable layer have been extended to cover a larger range 

of critical pressure-heads, after the validity of the use of a step 

function to de~cribe~hydraulic conductivity at negative pressure heads 

was demonstrated, The work on project WCL-24 is essentially completed 

and manuscripts for publication will be prepared in the first half of 

1964, 

PROCEDURE : 

Conditions A and B. The general procedure was the same as des- 

cribed in Annual Report 1962. Geometry and symbols for seepage condi- 

tions A and B are shown in Figure 1. The condition of seepage into an 

infinitely deep soi1,with a water table at infinite depth is called 

condition m . If, for condition A, Dw 2 Dp + Hw, the flow system is 
one of seepage into a horizontal, free-draining layer, This case is 

called condition A' and it is characterized by a lower boundary corn- 

sisting of a horizontal contour of zero pressure-head (atmospheric 

pressure), 

For relatively small Di (condition B), the flow at some distance 

from the canal center will approach uniform, horizontal "Dupuit- 

Forchheimer" flow and the equipotentials will become essentially 

vertical, Thus, the#lateral boundary of the flow system can be 

represented by a vertical equipotential. The distance of this equf- 

potential from the canal center has arbitrarily been tqken as 18Wb0 
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For condition A, the water-table slope w i l l  continue to decrease 

with increasing distance from the canal u n t i l  a t  i n f in i t e  distance 

the slope has become zero, For pract ical  purposes, however, the slope 

can already be taken as zero a t  a cer tain distance from the canal, 

This distance was also a rb i t r a r i ly  s d e c t e d  as EOWb from the canal 

center, 

Theoretically, seepage systems from individual canals should be 

treated with l a t e r a l  boundaries a t  inf ini ty .  This condition, however, 

is  almost never found i n  practice, where physical barriers,  pumped 

wells, other seeping canals, or similar discontinuities make it  

impractical to use the water table  a t  in f in i ty  as c r i te r ion  for the 

water table position, Thus, for pract ical  purposes, characterizing 

the water table a t  a f i n i t e  specified distance seems preferable, 

Although D i s  taken a t  a specified distance of 10Wb from the canal 
W 

center, it can be interpreted as characterizing the water table posi- 

t ion a t  great distance from $he canal where the immediate e f fec t  of 

the seepage flow system on the water table  has become insignificant,  

Inspection of completed flow systems showed that  hQWb was suff ic ient  

distance for th i s  characterization, 

In practice, canal seepage i s  generally unsteady and subject to, 

among others, changing water levels i n  the channel as well as changing 

water tables i n  the s o i l ,  Thus, the steady s t a t e  conditions covered 

by the analyses represent individual pictures of a system that  in  

r ea l i ty  i s  i n  a conthuous s t a t e  of flux, It i s  assumed that  the 
I 

water table between the canal and a distance of 10Wb from the canal 

i s  suff ic ient ly  s tabi l ized that  any flow components across the water 

table for that  reach can be ignored. 
1 

The resu l t s  of the seepage analyses were expressed graphically 

i n  dimensionless parameters, re lat ing seepage to the hydraulic con- 

ductivity and to  the geometry of the flow system, In addition, the 

e f fec t  of water depth i n  the canal on seepage could be evaluated from 

these graphs. The ef fec t  of canal shape (triangular, trapezoidal, 

and rectangular) was also analyzed, 

Unsaturated flow, In analyzing the ef fecc of unsaturated 

flow, or rather negative-pressure flow, on canal or stream 
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seepage, d i s t i nc t i on  was made between what a r e  ca l l ed  i n  t h i s  repor t  

the f r inge e f f e c t  and the divergence e f f e c t ,  The f r inge  e f f e c t  occurs 

when there i s  a mildly sloping water t ab le  away from the  canal. Inclu- 

s ion of negative-pressure flow i n  the analysis  of seepage i n  tha t  case 

r e s u l t s  i n  the presence of a cap i l l a ry  f r inge above the  water t ab le  

with height numerically equal t o  thg c r i t i c a l  pressure-head, This 

f r inge  provides an ex t r a  path for  the  flow t o  take place. The diver-  

gence e f f e c t  occurs when the water t ab le  i s  su f f i c i en t l y  deep to  cause 

the streamlines below the  canal t o  be i n i t i a l l y  i3 mainly v e r t i c a l l y  

downward di rect ion.  Inclusion of aegative-pressure flow i n  the 

analyses of seepage fo r  t h i s  case y i e ld s  an increased divergence of 

streamlines and consequently an increased width of the flow system 

below the  canal ,  

The f r inge e f f e c t  was evaluated with the R-analog fo r  condition 

B, using a P of -wb/12. The va l i d i t y  of using P instead of the 
C C 

ac tua l  K-P re la t ionsh ip  fo r  t h i s  case can be demonstrated ana ly t i -  

c a l l y ,  An approximate equation t o  account fo r  the f r inge e f f e c t  fo r  

shallow systems (small Di) was developed and checked against  r e s u l t s  

of analog analyses. 

The va l i d i t y  of using P instead of ac tua l  K-P curves t o  account 
C 

f o r  the divergence e f f e c t  can not be as read i ly  demonstrated analy- 

t i c a l l y  as fo r  the f r inge  e f f e c t ,  Therefore, a comparison was made 

between a seepage solut ion fo r  an ac tua l  K-P curve and fo r  the equiva- 

l en t  P -value. The analys is  f o r  the ac tua l  K-P curve was made by 
C 

Reisenauer (1) with a d i g i t a l  computer, The flow system was canal 

seepage t o  a r e l a t i v e l y  deep, free-draining layer .  This comparison 

between the d i g i t a l  computer so lu t ion  fo r  the ac tua l  K-P curve and 

the analog solut ion fo r  the equivalent PC showed good agreement, An 

evaluation of the divergence e f f e c t  of unsaturated flow on seepage 

was then made fo r  a wide range i n  P , Analyses were performed with 
C 

the R-analog fo r  condit ion A '  fo r  f i ve  values of P ranging from 0 
C 

t o  -0,75 Wb. Other var iables  were Hw and D . The r e s u l t s  were again 
P 

expressed i n  the dimensionless r a t i o s .  
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RESULTS AND DISCUSS ION : 

Conditions A and B, The r e s u l t s  of the seepage analyses for  

conditions A, A ' ,  and B a re  shown i n  Figures 2, 3 and 4.  Each f igure  

applies to  a ce r ta in  water depth i n  the canal, The canal shape was 

taken as trapezoidal  with 1:l s ide  slopes,  The seepage i s  expressed 

as r a t e  of f a l l  of the water surface i n  the per un i t  hydraulic 

conductivity, o r  as  is/^. The dots i n  Figure 3 a re  r e s u l t s  obtained 

with Dachler's method for  estimating seepage fo r  r e l a t i ve ly  shallow 

water tables  and impermeable layers (see Annual Report 19629, 

For condition A ' ,  the pressure kead a t  the. top of the f ree-  

draining layer was taken as  zero. In actual i ty ,  t h i s  pressure-head 
I.* iir 

depends on the K-'P re la t ionsh ip  of the underlying coarse material  and 

i t  can be approximated by P the c r i t i c a l  pressure-head. Since the 
C' 

free-draining layer can, acc0rdin.g to  i t s  def ini t ion,  be expected to  

consis t  of r e l a t i ve ly  coarse material,  P w i l l  only be s l i gh t l y  nega- 
C 

t i v e  and i t  can be considered zero fo r  most p r ac t i c a l  purposes. I f  - 
I /K needs t o  be estimated fo r  P < 0, the curves i n  Figures 2, 3, 
s C 

o r  4 for  condition A can be extrapolated somewhat beyond the curve 

for  condition A ' .  

An in te res t ing  aspect i s  the nom-linearity between seepage and 

depth of water table,  which i s  pa r t i cu la r ly  evident a t  large D , I f  
W 

D i s  equal t o  approximately 4W to  6Wb, depending on H the seepage w b w' 
has essen t ia l ly  reached a maximum and fur ther  lowering of the water 

table  w i l l  not s ign i f ican t ly  increase the seepage, This information 

w i l l  be of importance i n  assessing the  e f f ec t  of water tables  on canal 

seepage, i n  predicting the effectiveness of locating well  f i e l d s  

c loser  to  recharging streams for  accelerating na tura l  recharge, i n  

developing r e a l i s t i c !  input re la t ionships  for  use with res is tance-  

capacitance network knalogs i n  analyzing hydrologic behavior of 

e n t i r e  ground-water basins, i n  developing plans fo r  in tegrated use 

of surface- and ground-water resources or  storage f a c i l i t i e s ,  e t c ,  

I f  for  new projects  the hydraulic conductivity and other per t in-  

en t  hydrogeological information a re  known, the  seepage losses i n  the  

d i s t r i bu t i on  system can be estimated from Figures 2, 3, and 4. These 
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losses  should then be in terpre ted as maximum losses  s ince  "aging" 

(sedimentation, chemical and biological  act ion,  e t c , )  tends t o  reduce 

seepage, An analys is  of seepage from clogged canals was presented 

e a r l i e r .  (See Annual Report 1962,) 

Figures 2, 3, and 4 permit evaluation 

of the  e f f e c t  of water depth i n  the canal on seepage. Such evaluation 

should be made fo r  a constant water-table posit ion.  Therefore, the 

dis tance  of the water t ab l e  below the  canal  bottom, D - Hw, was used 
W 

t o  describe the water t ab le  position, r a t he r  than D which r e f e r s  t o  
W 

the canal water level .  Furthermore, t~ eliminate the e f f e c t  of H on - W 

I through the e f f e c t  of H on W the  seepage was expressed as l o s s  
S W S' 

per un i t  length of canal, per un i t  bottom width, and per un i t  K, o r  - 
I W / K W ~ ,  which i s  a dimensionless term. The r e s u l t s  of t h i s  evalu- 

S s 
at ion,  which was done fo r  a r e l a t i ve ly  shallow, a medium, and a deep 

water t ab le  and d i f f e r en t  values of D o r  D a r e  shown i n  Figure 5, 
P i9 

It appears tha t ,  i n  general,  canal depth has i t s  g r ea t e s t  r e l a t i v e  

e f f e c t  on seepage fo r  conditions A' and oo . For shallow and medium 

water tables ,  the  r e l a t i v e  e f f e c t  of water depth i n  the canal on 

seepage decreases i n  the order of condition A with f i n i t e  D condi- 
P' 

t i on  A o r  B with i n f i n i t e  D ,  o r  D and condit ion B. 
1 P' 

For a complete evaluation of seepage a t  d i f f e r en t  water depths 

i n  the canal, the e f f e c t  of water depth on discharge capacity should 

a l so  be considered, so t h a t  the  r e l a t i v e  loss  as a percentage of the  
. r' 

t o t a l  discharge can be" determined. For water-conveyance purposes, 

r e l d r i ve  discharge loss  w i l l  be more s ign i f i can t  than the  absolute 

seepage loss .  The dashed l i ne s  i n  Figure 5 show the  discharge 

capacity per u n i t  Wb of the  canal, calculated according t o  Manning's 

2/3 equation as AR /W;I3, where A i s  the cross sec t ion  of the canal 

and R i s  the hydraulic radius.  The dashed l i ne s  show t h a t  the  

discharge capacity of the canal generally increases much f a s t e r  with 

depth than the seepage losses ,  Thus, fo r  canals with uniform s o i l  d 

conditions along t h e i r  wetted perimeter, deep canals w i l l  be more 

e f f i c i e n t  conveyors of water than shallow canals. 
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b- 7 *I. 
\r _ 

i, 

To complete the pic ture  of the e f f e c t  of H on seepage, the 
,+ W 

condition of the clogged channel (condition C, see Report 1962) 

has a l so  been analyzed. The equation describing seepage from a 

clogged trapezoidal  channel wi th  1~~ s ide  slopes can be wr i t t en  as 

where the term on the l e f t  s ide  i s  a dimensioaless parameter consist ing 

of seepage 7 canal  dimensions W a ~ d  Ws, and hydraulic impedance R s 3  b s 
of the clogged layer ,  The re la t ionsh ip  between t h i s  dimensionless 

seepage parameter and H /W fo r  differezit values of P /W i s  shown i n  
w b  c b  

Figure 6, The e f f e c t  of water depth on discharge capacity of the 

channel i s  again shown as a dashed l i n e ,  The f igure  shows t ha t  the slope 

of the dashed l i n e  i s  much grea te r  than t ha t  of the so l i d  curves, so 

t ha t  a l so  fo r  condition C, deeper canals w i l l  give lower r e l a t i v e  

conveyance losses ,  

Ef fec t  of canal cross-section,  To evaluate the e f f e c t  of tbe 

cross-sectional  shape of the channel on seepage, solut ions  were obtained 

with the R-analog fo r  rectangular  and t r iangular  channels and for 

d i f f e r en t  condit.ions of s o i l  and water t ab le ,  The e f f e c t  of channel 

shape on seepage can be expected t o  increase wi th  increasing water 

depth i n  the canal ,  Therefore, the analyses were performed fo r  the 

l a rges t  Elw-value employed fo r  the trapezoidal  channels (H = 0.75 wb). 
W 

To el iminate the e f f e c t  of channel shape on the bottom width of the 

canal i n  the expression of r e su l t s ,  a13 length dimensions i n  t h i s  

study were expressed as r a t i o s  t o  the surface width W which was held 
s' 

constant fo r  the three cross-sections.  The e f f e c t  of channel shape on 

seepage fo r  condit ion C was evaluated by means of the seepage equation 

fo r  t h i s  case (see Annual Report 1962) assuming P =. 0, The r e s u l t s  
C 

(Table I )  show tha t  canal shape has i t s  g r ea t e s t  e f f e c t  on seepage i f  

a free-draining layer  occurs a t  r e l a t i ve ly  small d is tance  below the 

canal. Also, f o r  the clogged canal of condit ion C, the seepage i s  

considerably affected by canal shape. For condit ion B, the e f f e c t  of 

shape i s  r a t he r  small. The e f f e c t  of shape for  condit ion A can be 
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expected t o  l i e  between t ha t  fo r  condition B and condition A ' ,  o r  

between t ha t  f o r  B and co , depending on the magnitudes of D and D . 
P W 

To account fo r  the e f f e c t  of channel cross-section on the d i s -  

charge capacity, the  seepage losses  were again divided by the dis-  

charge capacity of the channel t o  obtain expression fo r  the r e l a t i v e  

seepage losses.  In t h i s  comparison, the r e l a t i v e  flow losses  for  the 

trapezoidal  channels were a r b i t r a r i l y  s e t  a t  100, The r e s u l t s  show, 

t ha t  rectangular  cross-sections generally give the lowest r e l a t i v e  

seepage losses ,  For condition C, the r e l a t i v e  l o s s  f o r  the rectangu- 

lar  shape was approximately the same as t ha t  f o r  the trapezoidal  

shape , 

Effect  of unsaturated flow. The r e s u l t s  of the a ~ a l o g  analyses 

f o r  the f r inge e f f e c t  a r e  shown i n  Table 2, which appl ies  t o  condi- 

t i o n  B with low, medium, and high values fo r  H w, Dw, and Die  The 

PC-value was a r b i t r a r i l y  se lected as -wb/12 (see Annual Report 1962). 

The r e l a t i v e  contr ibut ion t o  seepage due t o  the  f r inge  e f f e c t  

can be quan t i t a t ive ly  expressed as the r a t i o  of the thickness of 

the f r inge t o  the  thickness of the sa tura ted mater ia l  below the water 

table .  Since the thickness of the f r inge w i l l  numerically be approxi- 

mately equal t o  P the re la t ionsh ip  between the  seepage with f r inge  c1 
e f f e c t  and the seepage without f r inge  e f f e c t  can be described as  

In t h i s  equation, Di + Hw - 1/2 D describes the average height of 
W 

the  sa tura ted mater ia l  below the water t ab l e ,  The minus s ign a t  PC 

i s  introduced because P i s  negative. I f  -P i s  small compared t-o 
C C 

Di + Hw - 1/2 Dw, the term between the brackets i n  equation (2) i s  

very c lose  t o  1 and the  f r inge  e f f e c t  contributes l i t t l e  t o  the  seepage. 

This i s  i l l u s t r a t e d  i n  Table 2, which shows t ha t  the di f ference between - 
I ~ / K  a t  PC = 0 and y i / ~  a t  PC = -W /12 i s  l a rge s t  for  small values of 

b 
Di and HW. The t ab le  a l so  shows t h a t  equation (2) est imates the 

f r inge  e f f ec t  of seepage correct ly  fo r  r e l a t i ve ly  small Di 
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and D . I f  D i s  r e l a t i v e l y  large  (for instance D > 3W ), equation 
w w w b 

( 2 )  underestimates the e f f e c t  of negative-pressure flow on seepage 

because the flow below the canal i s  then already su f f i c i en t l y  downward 

f o r  the divergence e f f e c t  t o  become dominant, 

The f r inge e f f e c t  on seepage for condition A with small D can be 
W 

expected to  be l e s s  than fo r  cvaditfon B, This i s  because flow to  the 

lower drainage layer causes the horizontal  flow components t o  decrease 

with distance from the canal ,  

The divergence e f f e c t  of negative-pressure flow occurs when D 
W 

i s  r e l a t i ve ly  large, fo r  insoacce Dw :> 3W The v a l i d i t y  of using b U  
P instead of the actuaL R-B re"R2l.onsfd.p i n  evah.atiz?,g divergence 
c 

e f f e c t s  was investigated for the ease of seepage t o  a deep drainage 

l ayer ,  The K-P curve used i n  the d i g i t a l  computer solut ion by 

Reisenauer (I) i s  sZmwn i n  Figure 7, From t h i s  curve, P was deter-  
C 

mined by planimeter as  -45,4 cm, TXs  value was then used i n  the 

analog analys is  of the flow system, The r e s u l t s  i n  Figure 8 show 

good agreement between the 0 and -45,4 cm pressure-head contours i n  

the analog so lu t ion  wi th  P and i n  the  d i g i t a l  computer solut ion wi th  c 
the ac tua l  K-P curve, The -45,4 cm pressure-head contour f o r  the 

ac tua l  K-P curve corresponds t o  a K-value of 0.475 K 
sa tu ra ted4  Thus, 

i n  the d i g i t a l  computer analysis ,  K decreases from K sa tura ted a t  the  

0 pressure contour t o  0.475 K a t  the  -45.4 cm contour and sa tura ted 
continues t o  decrease beyond t h i s  contour, Because of the r e l a t i v e l y  

low K outs ide  the contour, most of the flow i n  the d i g i t a l  computer 

analys is  takes place within the -45,4 cm contour, For the analog 

system with P however, K i s  equal t o  K f o r  the  e n t i r e  
c3 sa tura ted 

system between the  canal and the -45,4 cm pressure-head contour. 

In t@e analog system, the  -45,4 cm contour ac t s  as  a so l i d  boundary 

and-no flow takes place beyond t h i s  contour. 

Good agreement was a l so  obtained between the /K-values £or 
s 

the d i g i t a l  computer analys is  with ac tua l  K-P and the analag analys is  

with PC, which were 2.20 and 2,27 respect ively ,  Part  of t h i s  3% 

difference can probably be a t t r i bu t ed  t o  the f a c t  t ha t  the node 

density was higher i n  the d i g i t a l  computer than i n  the analog 
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analys is ,  This conclusion i s  based on e a r l i e r  comparisons between - 
I /K from analog solut ions  and exact solutions,  which showed a d i f -  

S 

ference of approximately 2 percent (see Annual Report l962), 

The agreement between the d i g i t a l  computer solut ion with ac tua l  

K-P curve and the  analog solut ion w i t h .  P lends support t o  the v a l i -  
c 

d i t y  of using the c r i t i c a l  pressure-head fo r  evaluating the diver-  

gence e f f e c t  of negative-pressure f ~ o w ,  

To evaluate the divergence e f f ec t  i n  r e l a t i o n  t o  P analyses 
c3 

f o r  condition were performed with the R-analog fo r  f i ve  values of 

PC, ranging from 0 t o  -0.75 Wb, Other var iables  were H and D , 
W P 

The condit ion D - w  was simulated by assuming complete divergence 
P 

and s t a r t  of uniform v e r t i c a l l y  downward flow a t  a d is tance  of 11 

W below the canal bottom, Inspection of completed flow systems 
b 

showed t ha t  t h i s  assumption was va l i d ,  The shape of the canal  was 

again taken as t rapezoidal  with l:l s ide  slopes,  

The r e s u l t s  of the analyses (Figure 9) can bes t  be in terpre ted 

by considering the ex t r a  streamline divergence due t o  P < 0 i n  
C 

r e l a t i o n  t o  the ex i s t ing  streamline divergence caused by the. water 

depth alone and t o  the opportunity for  addi t ional  divergence by 

l e t t i n g  P < 0, The ex i s t ing  divergence a t  P = 0 I.ncreases with 
C C 

increasing H and the opportunity o r  "room" fo r  addi t ional  diver-  
W 

gence by l e t t i n g  P < 0 increaseswith increasing D . Thus the  
C P 

g r ea t e s t  r e l a t i v e  increase i n  /K due t o  P < 0 can be expected t o  
s c 

occur where the ex i s t ing  divergence a t  P = 0 i s  the smallest  and 
C 

the opportunity f o r  increased divergence i s  the g rea tes t ,  o r  fo r  

r e l a t i v e l y  small H and large  D This i s  i l l u s t r a t e d  by Figure 9, 
W P 

where fo r  a given D /W the slope of the curves of /K versus 
P b7 S 

-P /W increases wi th  decreasing H /W and where, f o r  a given 
c b  w b' 

Hw/wb, the slope of the curves increases with increasing D /W 
P b0  

For the two higher values of D / W  i n  Figure 9, the s teeper  slope 
P b - 

of the curves with small H /W causes the erend of "f /K t o  increase 
w b  "s 

wi th  increasing Hw/Wb f o r  low values of -P /Wb t o  be reversed fo r  
C 

the higher values of -pC/Wb. This reversa l  does not occur whel 

D /W i s  small, becabse of the dominat'ing e f f e c t  of H /W on the 
P b w b  

hydraulic gradients,  and thus on </K, i n  t ha t  case. 
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-. 
An in te res t ing  pic ture  i s  obtained w k z a  I /K is  plot ted  against  

s 
D /W for  each water depth and fo r  d i f f e r en t  values of -P /W To 

P b c b "  
f a c i l i t a t e  p lo t t ing  D = cx, , the r a t i o  W / D  i s  used instead of 

P b P 
D ~ / w ~ .  The resu l t ing  graphs (Figure 1.0) c lea r ly  demonstrate the 

dependency of the divergence e f f e c t  on the  opportuni.ty fo r  diver - - 
gence. I f  P = 0, I ~ / K  decreases wi th  increasing D . With increasing 

C P 
opportunity fo r  divergence a t  the higher D -values, h.owever, the 

P 
introduction of P < 0 w i l l  cause a g rea te r  increase i n  I& /K whea D 

C S P 
i s  large ,  This causes some of the curves of PC < 0 t o  show a midway 

"sag," Since the i n i t i a l  divergence a t  P s= 0 Bxi.eereases with 
C -  

increasing H the divergence e f f e c t  due t o  P < 0 w i l l  be more 
w9 C 

pronounced a t  smaller values of H . Therefore, the PC-value of the 
W 

curves showing a midway sag i s  numerically l e s s  f o r  the curves wi th  

lower H -values. For Hw = 0.75 Wb, the P /wb curves of -0.25, -0.50, 
W C 

and -0.75 a l l  show a sag. For H ~ / w ~  = 0.5, the only shown curve with 

a sag i s  f o r  P /W = -0.25 and fo r  H /Wb = 0.25, the only sagghg  
c b  w 

curves must be between P /Wb = -0.25 and 0. For r e l a t i v e l y  large  
c - 

numerical values of P I / K  'increases with increasing D for  the 
c' s P 

e n t i r e  range of D . 
P 

Field data  regarding K-P re la t ionships  and P -values a re  scarce 
C 

t o  nonexistent ,  From K-P curves i n  the l i t e r a t u r e ,  which were obtained 

from disturbed s o i l  samples, i t  appears t ha t  P may be of the order of 
C 

-30 cm water f o r  "medium" textured so i l s ,  -28 ern o r  more for  l i g h t  

textured so i l s ,  and -40 cm or  l e s s  fo r  f i ne  textured s o i l s ,  Since 

seepage problems tend t o  be more severe i n  r e l a t i v e l y  coarse textured 

s o i l s ,  P -val.ue.s of -10 cm t o  -20 ern may be the prevail ing range of 
C 

values expected. Equation@ and Table 2 show, however, t ha t  -P must 
c - 

not be small compared t o  the term D + Hw - l / 2  D i f  the flow i n  the 
i w 

cap i l l a ry  f r inge  i s  t o  contr ibute  s ign i f i can t ly  t o  the seepage. I f  

the water t ab le  i s  r e l a t i v e l y  deep (D > 3W ) and the e f f e c t  of nega- w b 
t i v e  pressure flow i s  due t o  the divergence e f f ec t ,  Figure 9 shows 

t ha t  -P must approach the  value of W before the ex t ra  divergence 
c b 

causes s i gn i f i c an t l y  higher 3: /K values,  A t  present, the conclusion 
s 

therefore  i s ,  tha t  the f r inge  e f f e c t  only needs t o  be considered fo r  
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very shallow channels underlain a t  very small distance by impermeable 

material,  and t ha t  the divergence e f f ec t  only needs to  be considered 

fo r  narrow channels with bottom widths not exceeding one foo t ,  As 

more information regarding P -values i n  the  f i e l d  becomes avai.I.abls, 
c 

t h i s  conclusion may have t o  be changed, 

Although a decreasing P -value w i % k  give increased r a t i o s  02 - C 

I ,  i t  should be remembered t ha t  s o i l s  with low P -values, i. e,, 
6: 

f i ne  textured so i l s ,  w i l l  a l so  have low K-values, Therefore, although - - 
I /K may increase with decreasing P I as such w i l l  generally 
s c9 S 

decrease with decreasing P . 
C 

SUMMARY AND CONCLUSIONS : 

The analyses with a res is tance network analog of seepage from 

open channels for  various conditions of canal shape and depth, s o i l  

and water table,  were completed i n  1963, 

One s e r i e s  of solutions dea l t  with seepage from trapezoidal  

channels with 1:l s ide  slopes i n  uniform s o i l  underlain by material  

of d i f fe ren t  permeability. This material  was taken as e i t he r  much 

l e s s  permeable, o r  much more permeable, than the overlying s o i l .  

Variables included i n  the analyses were the water depth i n  the  canal, 

the  posit ion of the  "unaffected" water t ab le  a t  large  distance from 

the canal, and the  depth of the  impermeable, o r  very permeable, 

material ,  I f ,  for  the case of s o i l  underlain by very permeable 

material,  the  water t ab le  i s  a t  or  below the  top of the permeable 

material,  the condition i s  one of seepage through uniform s o i l  t o  

a free-draining layer ,  For each water depth i n  the  canal, dimen- 

s ionless  graphs were:prepared which show seepage as  a function of 

water table  position1 for  d i f f e r en t  posit ions of the  impermeable o r  

very permeable layer ;  The graphs show that ,  except fo r  the condition 

of seepage t o  a f r ee :  draining layer, seepage increases with increasing 

depth of the water table .  The r a t e  of seepage increase , however, 

reduces with increasing depth of the  water table ,  BlaxPmum seepage 

r a t e s  are  e s sen t i a l l y  obtained i f  the water t ab le  a t  large  horizontal  

distance from the channel has dropped t o  a l eve l  of 4 t o  6 channel- 

bottom widths (depending on the  water depth i n  the channel) below 
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the water surface of the stream, This has important consequences i n  a 

number of problems concerning the re la t ion  between seepage from a 

stream or  canal and the posit ion of the water table ,  

From the dimensionless graphs, a new graph was constructed 

showing the e f f ec t  of water depth i n  the canal on seepage, Izlcreasing 

the water depth always r e su l t s  i n  an increase i n  seepage, However, 

the r a t e  of increase i n  seepage can decrease, be constant, or  increase 

with increasing water depth, depending on the s o i l  and water table  con- 

di t ions .  The r a t e  of increase i n  seepage i s  generally less  than the 

r a t e  of increase i n  the hydraulic discharge capacity of the channel 

with depth. Therefore, the deeper the chamel, the lower the seepage 

loss  i n  re la t ion  to  the discharge, and the more e f f i c i e n t  the channel 

i s  as a conveyor of water, 

Analyses r e l a t i ve  t o  the e f f ec t  of cross-sectional shape of the 

channel on seepage showed, that ,  for the same water depth and surface 

width, t o t a l  seepage increases from triangular t o  trapezoidal t o  

rectangular cross-sections, I f  the seepage losses are  again expressed 

i n  re la t ion  to  the hydraulic discharge capacity of the cross section, 

however, i t  appears tha t  rectangular canals are the most e f f i c i en t  

water conveyors, followed by trapezoidal and tr iangular canals. 

In the analysis of the effects of unsaturated flow, or ra ther  

negative-pressure flow, on seepage, d i s t inc t ion  i s  made between the 

fringe e f fec t  and the divergence effect .  The fringe e f f ec t  occurs 

when there i s  a shallow, mildly sloping water table away from the 

canal. In tha t  case, the negative pressure flow re su l t s  in  a capil-  

lary fringe above the water table, which causes an increase i n  the 

seepage, An equation for calculat in  he e f f ec t  of the capi l lary 

fringe, using the cohcept of c r i t i c  ressure-head, was developed. 

The equation agreed with r e su l t s  f r  alog analyses. 

The divergence e f f ec t  occurs when the water table is  su f f i c i -  

ently low for  mainly v e r t i c a l  flow below the canal t o  occur, In 

tha t  case, negative pressure flow re su l t s  i n  an increased 
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divergence of the streamlines, and consequently, i n  an increase i n  

seepage, The v a l i d i t y  of the  use of c r i t i c a l  pressure-head t o  

account for  the divergence e f f e c t  was demonstrated by the excel lent  

agreement t ha t  was obtained between a d i g i t a l  computer analys is  wi th  

an actual ,  S-shaped curve of hydraulic conductivi ty versus pressure- 

head and an analog analys is  f o r  the corresponding c r i t i c a l  pressure- 

head. A more complete evaluation of the divergence e f f e c t  was then 

made for  the condit ion of seepage t o  a free-draining layer.  In t h i s  

evaluation, the water depth i n  the canal, the c r i t i c a l  pressure-head, 

and the depth of the free-draining layer were taken as var iables ,  

The r e s u l t s  showed that ,  f o r  a given c r i t i c a l  pressure-head, the 

divergence e f f e c t  caused the g r ea t e s t  r e l a t i v e  increase i n  seepage 

i f  the canal was shallow and the free-draining layer was a t  g r ea t  

depth. 

Considering t ha t  the order of magnitude of c r i t i c a l  pressure- 

head i s  approximately -1 f t  of water, the analyses showed t ha t  the 

increase i n  canal seepage due t o  the f r inge  e f f e c t  only tends t o  be 

s ign i f i can t  for  shallow channels with impermeable layers  a t  small 

distance below the channel bottom. The increase in seepage due t o  

the divergence e f f e c t  i s  only significan.t  fo r  narrow, small channels 

wi th  r e l a t i v e l y  deep water tables  and/or drainage layers  i n  the s o i l .  
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Table 1. Effect  of channel shape ow seepage and on r e l a t i v e  

discharge reduction, H"/W~ = 0.3. 

- 
Cross-section Seepage Dw/Ws Di/w, zs /K Index of 

Condition r e l a t i v e  flow 
reduction 

Triangular 00 03 - 1,56 145 

Trapezoidal 00 00 - 1.81 100 

Rectangular 00 00 .. 2.31 8 3 

Triangular 

Trapezoidal 

Rectangular 

Triangular 

, Trapezoidal 

Rectangular 

Triangular 

Trapezoidal 

Rectangular 

Triangular 

Trapezoidal 

Rectangular 
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Table 2. Effect  of PC on .Ts/K fo r  condition B. 

1/ Analog r e s u l t s  - 
2/ Calculated with eq (2) - 
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Figure 1, Geometry and symbols for seepage conditions A and B. 
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U. 5. Wotur Conservotion L oborotory, 
Tompa, A r / m  

Curve Purumeter: Seepoge Condition and Dg /Wb or 0; /Wb 
1 

Figure 5 ,  Effect of water depth on discharge capacity and seepage 

for a trapezoidal canal and different conditions of s o i l  

and water table, 
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1 vat/on L oborotory, 
Tempe, Arizona . 

6 '  

I 

* ' * + .  P-cm of tea 
Figure 9 . .   elations ship. between K and I? used in  the d ig i ta l  computer 
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U, S. Wuf er Censer wut/ons Labor u tory, . 
Tempe, Ar/tmu 

Flow system with contours of 0 and-45.4 cm pressure 
ekd obtained by digital computer and by resistance 

i 
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U. S. Water Comer vation L abor of or7 
Tempe, Arizont 

Figure 9, Relat ion between /K and P /W f o r  condit10a .A1 fo r  d i f f e r e n t  . 
c b  - values of  D and H:. 
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Figure 10. Relation between /K and tJ /D for  d i f fe ren t  values 
s b P 

of Hw and PC. 
. 
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TITLE: MEASURING HORIZONTAL AND VERTICAL HYDRAULIC CONDUCTXVITY OF 

SOIL WITH THE DOUBLE-TUBE METHOD, 

LINE PROJECT: SWC 4-gG1 CODE NO.: Ariz,-WCL-25 

INTRODUCTION : 

The work i n  connection wi th  the  double-tube method fo r  measuring 

in-place hydraulic  conductivi ty of soi.1 i n  the  absence of a water 

t a b l e  was continued wi th  f i e l d  t e s t i n g  of the  procedure fo r  de te r -  

mining hor izonta l  and v e r t i c a l  hydraulic  conductivi ty,  Kh and K of v' 
an i so t rop ic  s o i l  (see Annual Report 1962). In the  course of these 

f i e l d  t e s t s ,  the need f o r  a f a s t  r e a s t i n g  device f o r  measurement of 

the  piezometric heads fo r  K determination, became apparent ,  This 
v 

need was confirmed by labora tory  s tud ies ,  and a minimum-flow pressure 

measuring system was developed and t e s t ed  i n  the  laboratory.  

PROCEDURE : 

Following the procedure discussed i n  Annual Report f o r  1962, 

t e s t s  fo r  measurement of K and were conducted a t  f i v e  locat ions  
v 

i n  the S a l t  River bottom area,  approximately 260 f t  e a s t  of 35th Ave. 

The s o i l  ranged from f i n e  sand t o  sandy loam and was under la in  by 

g rave l ly  depos i t s ,  The piezometers were read wi th  1 nun manometer 

tubes,  

Since i n f i l t r a t i o n  r a t e s  from the  inner tube a r e  not  constant ,  

the  piezometers f o r  measuring K must be read wi th  a fast-response 
v 

device. Such a device w i l l  a l s o  make i t  poss ib le  t o  complete the  t e s t  

i n  a reasonable period of time. The r e l a t i o n s h i p  between the  response 

time of the  piezometers wi th  the  1 mm manometer tubes and K of  the 

s o i l ,  was determined i n  the  laboratory on g lass  beads wi th  K ranging 

from 0.039 t o  1.77 cm/min. This study showed t h a t  the  1 mm manometer 

tube would only be s u i t a b l e  fo r  f i e l d  use i n  case of pervious s o i l s ,  

For medium o r  slowly permeable s o i l s ,  a device wi th  l e s s  response 

time would be requi red .  For t h i s  purpose, a nul l - type  pressure c e l l  

developed by the  Bureau of Reclamation was modified and constructed 

(1) .  A v e r t i c a l  c ross-sec t ion  of t h i s  c e l l  i s  shown i n  Figure 1, 

A th in ,  brass diaphragm r e s t s  f l a t  agains t  a r i g i d  su r face  i n  which 

an e lec t rode  i s  imbedded. The chamber above the  diaphragm i s  
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connected t o  the piezometer. The pressure i n  t h i s  chamber i s  measured 

by increasing the back pressure below the  diaphragm u n t i l  the  e l ec -  

t r i c a l  contac t  between the  diaphragm and the  e l ec t rode  i s  broken. A t  

t ha t  ins t an t ,  which i s  indica ted  by a current  meter, the  back pressure 

i s  measured wi th  a U-tube manometer, This pressure i s  then equal t o  

the piezometer pressure on the opposi te  s i d e  of the  diaphragm. 

RESULTS AND DISCUSS ION : 

The r e s u l t s  of the f i v e  f i e l d  t e s t s  with the  double-tube method 

a r e  shown i n  Table I .  The graphs of h versus z f o r  the piezometer 

readings a r e  shown i n  Figures 2 and 3. The Kdt-values f o r  t e s t s  1, 

2, 3, and 5 were ca lcu la ted  using the  standard and the  s impl i f ied  

procedure (see Annual Report 1962). Both procedures gave the  same 

Kdt  
-values. The Kdt-value f o r  t e s t  4 was ca lcu la ted  from the  dauble- 

tube equation based on -measurement. The K -values were ca lcula ted  Kb v 
from the  piezometer da ta  i n  Figures 2 and 3 ,  Tests  2, 3 and 4 y ie lded 

good, s t r a i g h t  l i n e s  f o r  a l l  of the piezometers. In  t e s t s  1 and 5, 

the l i n e s  showed a break and reprepenta t ive  K -values could not be 
v 

ca lcula ted .  The high gradient  of 40 i n  the  f i r s t  centimeter of pene- 

t r a t i o n  f o r  t e s t  5 indica ted  the  presence of a surface  s e a l .  This 

s e a l  was probably a r e s u l t  of i n s u f f i c i e n t  cleaning of the auger hole 

when the  double-tube equipment was i n s t a l l e d .  The gradient  below the  

f i r s t  centimeter i s  8, which i s  approximately the  same as t h a t  f o r  

t e s t s  2, 3 and 4 ,  In t e s t  1, the g rad ien t  f o r  the  f i r s t  6 cm i s  2,2, 

which increases  t o  20 f o r  the next  3 cm, The high g rad ien t  a t  the  

lower depth could be due t o  the  pressure of a  s i l t  layer  of lower 

hydraulic  conductivi ty which i s  f requent ly  observed i n  the  a rea  of 

the  t e s t s .  Thus, e l iminat ing  t e s t s  1 and 5 as inconclusive, t e s t s  

2, 3 and 4 gave r a t i o s  of K / K  of 3.0, 0,7O, and 0.42, r e spec t ive ly .  
h v 

The r e l a t i o n s h i p  between response time of the piezometer wi th  

the  1 mm glass- tubing manometer and the hydraulic  conductivi ty of 

the  g lass  beads i n  which the piezometer was placed, i s  shown i n  

Figure 4 ,  The response time i s  the time i n  which 63.2% of the 

pressure d i f ference  applied between the  piezometer and the  g l a s s  

beads i s  r e g i s t e r e d  by the  manometer, A r ep resen ta t ive  K-value 
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of medium t o  l e s s  permeable s o i l s  i s  approximately 0,01 cm/mi~,  

Figure 4 shows t h a t  the time constant  f o r  t h i s  K-value i s  approxi- 

mately 30 t o  40 mi.autes. Since the time f o r  the  manometer t o  reach 

equil ibrium i s  a mul t ip le  of the  time constant,  i t  can r e a d i l y  be 

seen tha t  the l mm g l a s s  tube was not a s u i t a b ? k  device for measuring 

the  piezometers i n  the  f i e l d ,  

The minimum-flow pressure c e l l  constructed far r ap id  measure- 

ment of the  piezometric l e v e l s  was f i r s t  c a l i b r a t e d  W B ~ T ? ~  a i r  pres- 

sure.  The a i r  pressure was applied usiag a compressed a i r  supply 

and a pressure r e g u l . a t ~ r ,  The appli.ed pressurl:. w a s  aeas~;ired with a 

water manometer. After  t h i s  t e s t ,  which strjewsd ex~~:kZ,e:r..t agreement 

between the  measured and the appkied pressure::, the pressure c e l l  was 

f i l l e d  wi th  water and ca l ib ra ted  again,  The r e s u 1 . t ~  o-t' t h i s  c a l i b r a -  

t i o n  a r e  sh.owa i n  Figure 5. E t  appcars that: the pressrxe c e l l  i s  

l i n e a r  with an accurac.y of -f- 0,5 cm s f  water ,  There is a ze ro - sh i f t  

i n  the c a l i b r a t i o n  curve because of the  d i f f i c u l t y  i n  s e t t i n g  the 

contact  rod f l u s h  wi th  the  r i g i d  surface  on. w5.i.ch the  dtaphragrn 

r e s t s ,  The ze ro - sh i f t  can be checked a t  any' time by measuring the  

pressure of a known. reference  level. ,  In most. cases, the magnitude 

of the  ze ro - sh i f t  i s  unimportant because pressur?  d i f fe r scces  must 

be measured t o  ob ta in  piezometric g rad ien t s ,  

Care should be talcen t o  keep the  contact  points  on the e l ec -  

t rode and the  diaphragm clean and dry,  When t h i s  i s  done, the  

pressure d i f f e r e n t i a l  require.d t o  make o r  break. th.5 nfec. tr ica1 

c i r c u i t  i s  l e s s  than 1 cm of water ,  The maxi.mw.m vcdl.ume di.splace.- 
-,3 3 

ment t h a t  occurs while taking a measurement of 1,1 x 10 cm . 
However, t h i s  volume displacement occurs j u s t  a f t e r  the  diaphragm 

moves and the measurement i s  taken, 

SUMMARY AND COMCLUS IONS : 

Fie ld  t e s t s  of the  double-*tube method f o r  evaluat ing hor izonta l  

and v e r t i c a l  hydraulic  conductivi ty,  Kh and i n  a n i s o t r n p i . ~  s o i l s  

were performed i n  the  S a l t  River Bottom oc f i n e  saad t o  sandy loam. 

The piezometers f o r  measuring v e r t i c a l  hydraulic  g rad ien t s  below 

the hole bottom were measured with I mm g lass- tube  rna~zc~meters . 
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Of the  f i v e  t e s t s  performed, t h r e e  gave r e l i a b l e  measurement o f  K 
v 

wi th  the piezometers.  The o t h e r  two showed a break i n  the  v e r t i c a l  

hydraul ic  g rad ien t  below the  ho le  bottom, i n d i c a t i n g  d i s c o n t i n u i t i e s  

wi th in  the s o i l  r eg ion  "sampled" by t h e  method, The r e s u l t i n g  va lues  

of Kh and K f o r  t h e  th ree  succes s fu l  t e s t s  were 1.34 and 0.44, 0.069 v 
and 0.098, and 0.97 and 2.3 cm/min, r e s p e c t i v e l y ,  

Since t h e  i n f i l t r a t i o n  r a t e  a t  the  auger-hole bottom i s  no t  

cons tan t ,  the  piezometers f o r  measurement of  K must be read  wi th  a 
v 

f a s t - r e sponse  device ,  Laboratory s t u d i e s  regard ing  t h e  r e l a t i o n  

between response-time and hydrau l i c  conduct iv i ty  of  t h e  s o i l  showed 

t h a t  the  1 mm manometer tubes would be much too slow i n  medium t o  

slowly permeable s o i l s ,  Therefore,  a nu l l - t ype  p re s su re  c e l l  developed 

by the  Bureau of Reclamation was modified, cons t ruc ted  and t e s t e d ,  

The c e l l  u t i l i z e s  a diaphragm sepa ra t ing  an upper chamber connected 

t o  the  piezometer and a lower chamber connected t o  a pressure  regu- 

l a t i n g  device w i t h  U-tube manometer, A t  i n c i p i e n t  movement o f  the  

diaphragm, which i s  e l e c t r i c a l l y  i nd ica t ed ,  t he  p re s su res  a r e  essen-  

t i a l l y  the  same and the  p re s su re  i n  t he  lower chamber i s  read  wi th  

t h e  manometer, C a l i b r a t i o n  of  t he  c e l l  i n  t he  range o f  -0.55 t o  + 
0.55 cm of  water showed t h a t  t h e  device was l i n e a r  w i th  an e r r o r  n o t  

exceeding $. 0.5 cm wa te r ,  The volume displacement of  water  i n  the 
3 

c e l l  i s  approximately 1 mm , Movement of t he  diaphragm takes  p lace  

a f t e r  the  e l e c t r i c a l  c o n t a c t  is broken, however, 

REFERENCE: 
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Table 1, Results of double-tube tests  in  anisotropic s o i l .  
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TITLE: NONDESTRUCTIVE BETA RAY TRANSMISSION METHOD FOR MEASURING WATER 

CONTENT IN P U T S  

LINE PROJECT: SWC 11-gG1 CODE NO.: Ariz.-WCL-26 

INTRODUCTION: 

The objectives and portions of the theory, construction details, 

and procedure in the use of the beta ray gauge have been presented in 

the Annual Report of 1962, 

I. CHOICE OF RADIOISOTOPE. 

RESULTS AND DISCUSSION: 

The method for choosing the proper radioisotope for the beta 

ray gauge was presented in a qualitative manner in the Annual Report 

for 1962. A quantitative method for choosing the radioisotope which 

will yield the maximum accuracy was further developed. 

The attenuation of beta rays follow the exponential type relation 

where 

I = intensity of the transmitted radiation (cpm) 

I = intensity of the incident radiation (cpm) 
0 2 -1 

p =mass absorption coefficient (cm mg ) - 2 
x = absorber thickness (mg cm ) 

The sensitivity, the change in count rate per unit change in 

absorber thickness, is defined as 

and we see qualitatively that increased sensitivity can be obtained 

by increasing both the values of the incident radiation I and the 
0 

mass absorption coef£icient p. Since p is inversely related to the 

maximum energy, greater sensitivity is possible for the lower energy 

beta ray emitting radioisotopes, The choice of the radioisotope based 

on the largest value of p, however, cannot be made indiscriminately 

in practice because the range of the beta particle in the absorber 

must be considered, that is, there must be some measurable transmitted 
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radiatfon. Although the absolute value of the leaf absorber thickness 

is of interest, the more important item is the changes in thickness 

which the leaf undergoes. The relative error of measurement of changes 

in x for a given absorber thickness can be developed from eqyation 

C21 as 

where the relative error, Dx/x is associated with the error in the 

measuring equipment (1) . 
Because we are dealing with a radioactive material having random 

emission of radiation, the ptatistical fluctuation associated with 

the radiation source is 

Thus, the relative error of the thickness, taking into account the 

natural fluctuation in the source from [3 ]  and [4] is: 

From equation [ 3 ]  minimum error is obtained when x = 1/p and when 

instrumental error is negligible in respect to the statistical 

fluctuation of source radiation, minimum error is present when 

x = 2/y. 

The absolute values of Axlx were calculated for the radioisotopes 
14 147 

C , Pm , TC", and ~ 1 " ~  using equation [5] and values of I = 10,000 
0 

cpm for a one-minute counting period. These are plotted in Figure 1, 

Fortunately, the change in error at the minimum-error absorber thick- 

ness is gradual so that a given radioisotope is useful over a range of 

thicknesses instead of being restricted to a single thickness. The 
147 values of 2/y (the absorber thickness at minimum error) for el4, Pm , 
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-2 
TC") and ~ 1 " ~  a r e  7.6, 12.3, 17.5, and 64.5 mg cm , r e spec t ive ly .  

Carbon-14 should be a good be t a  r ay  source f o r  absorber  th icknesses  
-2 

from 5 t o  20 mg cm , Pm147 and ecg9 u s e f u l  from 10 t o  40  mg cme2) - 2 and ~1~~~ from 15 t o  a t  l e a s t  70 mg cm . 
11. BETA RAY STEM GAUGE, 

PROCEDURE: 

An exp lo ra to ry  s tudy  was conducted t o  determine t h e  a p p l i c a b i l i t y  

of t h e  be t a  r ay  gauge p r e s e n t l y  used f o r  l ea f  t h i ckness  i n v e s t i g a t i o n  

f o r  measuring stem th ickness  changes. The Pm147 source  was rep laced  

wi th  a one-inch diameter  2 pc ~ 1 " ~  be ta  r a y  source.  A one-quarter- 

inch  diameter co l l ima to r  was placed over t h e  one-inch source. The 

source  was loca t ed  on one s i d e  and t h e  end-window GM d e t e c t o r  d i r e c t l y  

oppos i t e  on t h e  stem of a n  qight-week o ld  co t ton  p l a n t .  The exper i -  

ment was conducted i n  t h e  Cont ro l led  Environment Growth Chamber a t  

25.5 C and vapor d e f $ c i t  of 30 mb. Light  i n t e n s i t y  was v a r i a b l e  a t  

0 and 1900 f t - c ,  Pe r iod ic  one-minute counts were taken dur ing  t h e  

a l t e r n a t e  dark  and l i g h t  condi t ions .  The r e s u l t s  a r e  presented  i n  

F igure  2. 

RESULTS AND DISCUSSION: 

The count r a t e  i n  t h e  l i g h t  ranged from 10,000 t o  11,000 cpm. 

Within s i x  minutes a f t e r  t h e  l i g h t s  were turned  o f f  t h e  count r a t e  

dropped t o  a minimum of 9280 cpm, i n d i c a t i n g  a r a p i d  change i n  stem 

geometry, When t h e  l i g h t s  were turned  on, t h e  count r a t e  increased  

i n d i c a t i n g  a decrease  i n  stem th ickness ,  and a g a i n  when t h e  l i g h t s  

were turned  o f f ,  t h e  count r a t e  increased.  The response t o  l i g h t  and 

dark  f o r  t h e  stem i s  s i m i l a r  t o  t h a t  prev ious ly  noted w i t h  t h e  p l a n t  

leaves ,  Under t h e  condi t ions  of t h e  experiment t h e  c o t t o n  p l a n t  i s  

appa ren t ly  a c t i n g  a s  a u n i t  i n  r e spec t  t o  water balance,  

111, WATER BALANCE I N  COTTON PLANTS. 

RESULTS AND DISCUSSION. 

The be t a  r a y  gauge has been used i n  conjunct ion  wi th  water 

ba lance  i n  c o t t o n  p l a n t s  and t h e  d a t a  i s  included i n  p r o j e c t  WCL-29 

(Water Absorption, T ransp i r a t ion ,  and I n t e r n a l  Water Balance of Cotton 

P l a n t s  a s  Affected by Changes i n  Evaporat ive Demands), For cu r r en t  
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s t u d i e s ,  t h e  count - ra te  da t a  f o r  t h e  leaves a r e  converted i n t o  

equiva len t  aluminum th ickness  us ing  c a l i b r a t i o n  curves of t h e  type  

presented  i n  F igu re  3. This  method of d a t a  p r e s e n t a t i o n  was s impler  

and more r e l i a b l e  t han  those  used previous ly  such a s  r e l a t i v e  t u r g i d i t y .  

One of t h e  d i f f i c u l t i e s  encountered wi th  r e l a t i v e  t u r g i d i t y  was i n  

t h e  choice of t h e  100 percent  va lue  i n  t h e  c a l i b r a t i o n  procedure. The 

instrument  was of such a  s e n s i t i v i t y  t h a t  t h e  degree of wiping-off 

of t h e  "excess" water  from t h e  leaf  f l o a t e d  i n  water  a f f e c t e d  t h e  

t u r g i d i t y  value.  

SUMMARY Am CONCLkTSIONS: 

A q u a n t i t a t i v e  procedure f o r  t h e  s e l e c t i o n  of a  r ad io i so tope  

f o r  t h e  be t a  r a y  gauging of p l a n t  leaves was developed. Carbon-14 

was c a l c u l a t e d  t o  work b e s t  f o r  leaf  absorber  th icknesses  of 5 t o  
-2 "2 147 and TC" f o r  absorbers  of 10 t o  40 mg cm , and 20 mg cm , Pm 

'T1204 from 15 t o  a t  l e a s t  70 mg cmm2* The be t a  r ay  gauge has been 

used s u c c e s s f u l l y  i n , w a t e r  balance s t u d i e s  of c o t t o n  p l a n t s  i n  which 

t h e  l ea f  water conten t  i s  followed con t inua l ly  under varying environ- 

mental  condi t ions .  By use  of a  2  vc ~m~~~ source  which i s  normally 

used i n  t h e  be t a  l ea f  gauge, i t  was p o s s i b l e  t o  monitor changes which 

occurred i n  t h e  stem of t h e  young c o t t o n  p l a n t .  The d a t a  showed t h a t  

measurable and r ap id  changes i n  stem th icknesses  occurred during t r a n s i -  

t i o n s  of dark and l i h h t  per iods .  

REFERENCES: 

(1) Zumwalt, L. R. 

1954, The b e s t  performance f o r  be t a  gages. Nucleonics 
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US. Water Conservation Laboratory, 
Tem~e, Arizona 

99 
Figure  1. Rela t ive  e r r o r s  f o r  c14, Pm1479 Tc , and 

~ 1 " ~  a t  various absorber thicknesses.  
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U.S. Water Conservation Laboratory, 

Figure 2.  Response of cot ton  stem t o  v a r i a b l e  l i g h t  condit ions as measured wi th  the  be ta  

r a y  gauge. Annual Report of the U.S. Water Conservation Laboratory
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-- I ABSORBER THICKNESS, mg c K 2  - - 
Figure 3. Calibration curve of beta ray gauge with aluminum for use in 

converting leaf count-rates to equivalent aluminum thickness, 
Annual Report of the U.S. Water Conservation Laboratory



TITLE: WATER ABSORPTION, TRANSPIRATION, AND INTERNAL WATER 

BALANCE OF COTTON PLANTS AS AFFECTED BY CHANGES 

IN EVAPORATIVE DEMANDS 

LINE PROJECT: SWC 11-gG1 CODE NO.: Ark.-WCL-29 

PART I. DIRECT AND INDIRECT MEASUREmNTS OF WATER BALANCE 

OF COTTON PLANTS IN 1963 

INTRODUCTION: 

Since wilting, either incipient or visible, is extremely common 

among terrestrial plants during bright, warm days, internal water 

balance plays an important role in regulating the passage of water 

through plants. This loss of turgidity occurs because of an appre- 

ciable resistance to water movement through roots. Therefore, when 

transpiration is accelerated rapidly by increased evaporative demand, 

the rate of water absorption rises less rapidly, with a resultant 

net water deficit, A plant's ability to regulate the flow of water 

from soil to atmosphere must be understood as an integral part of 

the evapotranspiration process before intelligent efforts to conserve 

water can be made in the plant sphere. Therefore, last year a 

comprehensive study was begun on short-term water balance. The data 

in this report confirm what was learned before, and extend the range 

of information by a change in emphasis in the water-balance research, 

It should be re-emphasized at the outset that an assumption underlying 

the investigations conducted in the Climate Chamber is that transpi- 

ration is proportional to the saturation deficit of the air, and that 

leaf temperature under normal conditions in this room is quite close 

to air temperature. Therefore, the saturation deficit of the air is 

used as a substitute for the leaf value. 

PROCEDURE: 

In the first phase, summarized in the Annual Report for 1962, 

a predetermined saturation deficit (SD) of the air was maintained 

both during the overnight equilibration period and throughout the 

experiment proper, the only change being turning the lights on or 

off. Thus, transpiration was accelerated by a light-induced, fast 

stomata1 opening in proportion to the SD. This led to a temporary 
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l o s s  of t u r g i d i t y ,  which was measured d i r e c t l y  (by simultaneous 

t r a n s p i r a t i o n  and water absorp t ion)  and i n d i r e c t l y  (by a b e t a  ray 

l ea f - th i ckness  gauge).  Three experiments covering the  range from 

low t o  moderately h igh  SD were summarized l a s t  yea r .  A r e p e t i t i o n  

of the  experiment a t  t he  low SD confirmed the  e a r l i e r  da t a ,  and a 

l a t e r  experiment extended the  range t o  a very  h igh  SD, both  exper i -  

ments making use  of t h e  same technique a s  be fo re .  The r ap id  

t r a n s p i r a t i o n  r a t e s  i n  t h e  dark a t  predetermined va lues  of h igh  

SD made i t  p o s s i b l e  t h a t  p l a n t  hydra t ion  was no t  optimum a t  t he  

beginning of the  experiment.  Therefore,  i n  l a t e r  experiments t he  

SD was generated by a method permi t t ing  uniform i n i t i a l  condi t ions  

f o r  a l l  experiments,  i . e . ,  an e q u i l i b r a t i o n  per iod  i n  t he  dark a t  

a low SD, conducive t o  low t r a n s p i r a t i o n  and a f u l l y  t u rg id  p l a n t  

a t  the  s t a r t  of t he  experiments.  To dehydrate  t he  p l a n t ,  t he  SD was 

generated by a method s i m i l a r  t o  t h a t  occurr ing  i n  na tu re  - al though 

much f a s t e r ,  by maintaining a cons tan t  vapor p re s su re ,  b u t  r a i s i n g  both  

dry-bulb and wet-bulb temperatures .  I n  another  s e t  of experiments 

d i r e c t  measurement of water balance was supplanted by an  i n t e n s i v e  

i n v e s t i g a t i o n  of t h e  i n d i r e c t  method, by use  of two b e t a  ray gauges 

on one p l an t ,  nea r  bo th  the  top  and base .  I n  both of t h e  l a t t e r  

s e r i e s  of experiments i l l u m i n a t i o n  was a f a c t o r  i n  a d d i t i o n  t o  the  

increased  SD, except f o r  one experiment i n  darkness .  The l i g h t s  came 

on e i t h e r  i n  conjunct ion  wi th  the  r ap id ly  inc reas ing  SD, o r  a f t e r  t h e  

SD had been r a i s e d  and then  s t a b i l i z e d  a t  a high va lue .  The l i g h t s  

were turned o f f  be fo re  t he  SD was lowered t o  i t s  i n i t i a l  va lue .  The 
- 1 

d a t a  from each b e t a  ray gauge, obtained d i r e c t l y  i n  counts  min , were 

converted i n t o  t h e  equ iva l en t  l e a f  th ickness  i n  terms of aluminum by 

a s u i t a b l e  c a l i b r a t i o n  ( see  WCL-3). These th ickness  va lues  were 

p l o t t e d  a g a i n s t  time, t he  equiva len t  l ea f - th i ckness  c h a r a c t e r i s t i c  of 

t he  e q u i l i b r a t i o n  per iod  being considered t h e  r e f e rence  value,  one 

represent ing  f u l l  hyd ra t ion .  
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RESULT8 AND DXSCUSSION: 

D i r e c t  de te rmina t ion  of water ba lance  by measurement of t r a n s p i r a t i o n  

and absorp t ion  

A .  A t  a  cons t an t  s a t u r a t i o n  d e f i c i t  and with sudden i l l umina t ion .  

1. S a t u r a t i o n  d e f i c i t  4.4 mb. This  experiment (A-8) i s  

comparable t o  t h a t  a t  a  SD of 6 mb, presented i n  l a s t  y e a r ' s  r e p o r t ,  

T ransp i r a t ion  acce l e ra t ed  slowly when the  l i g h t s  were turned on, 

r equ i r ing  four  30-minute per iods  t o  reach a  peak r a t e .  However, even 

t h i s  slow r a t e  of t r a n s p i r a t i o n  r i s e  was not  equaled by the  r a t e  of 

water absorp t ion ,  wi th  a  consequent water d e f i c i t ,  Only once i n  seven 

per iods  of l i g h t  d id  abso rp t ion  equal. t r a n s p i r a t i o n .  This  l ed  t o  a  - 1 
cumulative d e f i c i t  t h a t  a t  i t s  worst was 6 g p l a n t  . Af te r  t he  l i g h t  

went ou t ,  absorp t ion  s l i g h t l y  exceeded t r a n s p i r a t i o n ,  bu t  t h i s  ga in  was 

not  nea r ly  enough t o  make up f o r  t he  previous imbalance. A s  a  r e s u l t ,  

a t  the  end of t he  experiment t he  p l a n t  had a  4-gram water  d e f i c i t ,  a e  

determined by d i r e c t  measurement. A b e t a  ray gauge on a  s epa ra t e  p l a n t  

confirmed these  r e s u l t s .  I n i t i a l l y  we l l  hydrated, a s  i nd ica t ed  by a 

h o r i z o n t a l  l i n e  p l o t  of l e a f  th ickness  a g a i n s t  time, t he  leaf  became 

th inne r  when the  l i g h t s  came on. This i s  i n d i c a t i v e  of g r e a t e r  t r a n s -  

p i r a t i o n  than abso rp t ion ,  The l e a f  became p rog res s ive ly  th inner ,  a t  
- 2 

t he  worst being 2.5 mg cm th inne r  than i n  t he  well-hydrated condi t ion .  

I n  darkness  t h e r e  was some rega in ing  of t he  l o s t  water .  However, a t  

t he  end of the  experiment, t h e r e  s t i l l  was a  n e t  water d e f i c i t ,  i n  - 2 
q u a l i t a t i v e  agreement w i th  the  above r e s u l t s ,  amounting t o  1.25 rng cm , 

2.  S a t u r a t i o n  d e f i c i t  52.9 mb. This  experiment (A-9) was 

analogous t o  t h a t  having a SD of 29 mb i n  l a s t  y e a r ' s  r e p o r t ,  except  

f o r  t he  much h ighe r  SD t h i s  time (maintained throughout t he  whole 

experiment).  The h igh  t r a n s p i r a t i o n  i n  t h e  dark  preceding the  l i g h t  
-2 -1 

was noteworthy, be ing  1 .4  g m h r  mb'l, compared t o  0.43 from an 

analogoup experiment a t  a  lower SD. Af t e r  t h e  l i g h t s  went ou t ,  t h e  

s teady  t r a n s p i r a t i o n  r a t e  i n  t he  dark  was cons iderably  lower than i t  

had been a t  t h e  beginning of t he  experiment.  This  may i n d i c a t e  p a r t i a l  

stornatal opening dur ing  the  i n i t i a l  dark  per iod .  
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B .  A t  a r a p i d l y  increased  s a t u r a t i o n  d e f i c i t ,  bu t  cons tan t  
vapor p re s su re .  

1. Enhancement of darkness-induced rehydra t ion  by a r e t u r n  

t o  the  i n i t i a l  low s a t u r a t i o n  d e f i c i t .  I n  Experiment A-10, t h e  SD was 

r a i s e d  from 8 mb t o  24 mb i n  t he  l i g h t ,  and remained a t  the  h igh  va lue .  

The l i g h t s  were turned o f f  l a t e r  t o  b r ing  about rehydra t ion  of the p l a n t .  

I n  Experiment A-11, almost i d e n t i c a l  condi t ions  were employed t o  

dehydrate  t he  p l a n t ,  an  inc rease  i n  SD from 8 t o  22 mb, but  t o  b r ing  

about rehydra t ion  the  SD was lowered t o  9 mb i n  a d d i t i o n  t o  turn ing  

o f f  the  l i g h t s .  

T ransp i r a t ion  was a f f e c t e d  i n  an almost i d e n t i c a l  manner 

i n  both experiments A-LO and A-11 (Figure 1 ) )  being low i n  the  dark a t  

a low SD and a c c e l e r a t i n g  r ap id ly  t o  a primary peak, decreas ing  

momentarily due t o  w i l t i n g  and then reaching a h ighe r  peak before  

sharp ly  decreas ing  t o  a low va lue  when t h e  l i g h t s  went o u t .  D i f f e r -  

ences i n  p l a n t  s i z e  ( l e a f  a r e a )  account f o r  the  somewhat d i f f e r e n t  

magnitude of t r a n s p i r a t i o n  a t  a11 p o i n t s  p r i o r  t o  the  second dark 

per iod .  Af t e r  t he  l i g h t s  were turned o f f ,  however, t r a n s p i r a t i o n  

i n  Experiment A-11 decreased t o  a lower va lue  than t h a t  of 

Experiment A-10, on a p l a n t  b a s i s ,  and even more so  on a l ea f - a rea  
-2 -1 -2 -1 

b a s i s  - 13 g m h r  f o r  A-11, versus  25 g m h r  , This  i s  

a t t r i b u t e d  t o  t he  e f f e c t  of a lowered SD during the  second per iod  

a f t e r  the  l i g h t s  went ou t  added t o  t h a t  due t o  darkness  only.  I n  

both  experiments A-10 and A-11 (Figure 2) t r a n s p i r a t i o n  and water 

absorp t ion  i n i t i a l l y  were e s s e n t i a l l y  i n  balance, a s  shown by the  

alignment of t he  d a t a  p o i n t s  near  the  zero r e fe rence  l i n e .  The 

sudden sharp inc rease  i n  evapora t ive  demand, i n  conjunct ion  wi th  

stomata1 opening, induced an apprec i ab le  water d e f i c i t  during t h e  

f i r s t  ha l f -hour  a f t e r  time zero i n  both  experiments.  However, i n  

both  experiments water  absorp t ion  exceeded t r a n s p i r a t i o n  i n  t h e  next  

ha l f -hour  and was a t  l e a s t  equal  t o  t r a n s p i r a t i o n  i n  t he  remaining 

per iods  of l i g h t ,  d e s p i t e  t he  continued high t r a n s p i r a t i o n  r a t e  

brought about by a SD of 22 t o  24 mb. Af t e r  t h e  l i g h t s  went o f f ,  

absorp t ion  exceeded t r a n s p i r a t i o n  by a cons iderable  amount i n  t he  
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f i r s t  ha l f -hour  i n  both experiments,  and s l i g h t l y  i n  t he  two remaining 

dark periods i n  Experiment A-11, The d i f f e r e n c e  between the  two 

experiments was t h a t  i n  Experiment A-10 water absorp t ion  was l e s s  

than t r a n s p i r a t i o n  i n  t he  second period a f t e r  t h e  l i g h t s  went o f f ,  

bu t  s l i g h t l y  exceeded t r a n s p i r a t i o n  i n  Experiment 8-11 a t  t he  same 

time. The cumulative e f f e c t s  (Figure 3) show t h a t  i n  both  experiments 

t he  i n i t i a l  exposure t o  l i g h t  and a  rap id  increase  i n  SD induced a  

water d e f i c i t  t h a t  was made up only g radua l ly  and a t  a  d i f f e r e n t  r a t e  

i n  t he  two experiments.  However, 150 minutes a f t e r  time zero, p l a n t  

hydra t ion  i n  both  experiments was e s s e n t i a l l y  a s  good a s  the  i n i t i a l  

va lue  before  the  change i n  evapora t ive  demand took p lace .  The 

d i f f e r e n c e  i s  i n  t he  excess  hydratdon (over t he  i n i t i a l  va lue)  of 

p l a n t s  i n  Experiment A-11, compared t o  t he  s l i g h t l y  poorer  hydra t ion  

( than  i n i t i a l  va lue)  of those i n  Experiment A-10. The b e t t e r  

hydra t ion  i s  a t t r i b u t e d  t o  t he  r e t u r n  t o  t he  i n i t i a l  low SD, i n  

a d d i t i o n  t o  t u rn ing  o f f  t he  l i g h t s .  The d a t a  from t h e  b e t a  r a y  gauge 

(Figure 4 ) )  i n  genera l ,  confirm the  t rends  shown f o r  the  cumulative 

water  balance of F igure  3, i n  t h a t  the  p l a n t s  i n  both experiments 

experienced an i n t e r n a l  water  d e f i c i t  during exposure t o  l i g h t  and 

an increased evapora t ive  demand, a f t e r  having s t a r t e d  ou t  i n  water 

balance.  One discrepancy was t h a t  t he  ex t en t  of dehydrat ion shown 

by the  b e t a  ray gauge was g r e a t e r  i n  Experiment A-11 than  A-10, i n  

c o n t r a s t  t o  the  equal  dehydrat ion of bo th  experiments shorn i n  

F igure  3 .  There is  f u r t h e r  agreement between t h e  two methods i n  t h e  

response a f t e r  t h e  l i g h t s  went o f f .  As i n  the  cumulative d a t a  of 

F igure  3, i n  t he  dark t h e  b e t a  ray gauge showed a somewhat b e t t e r  

p l a n t  rehydra t ion  when t h e  SD was re turned  t o  the  i n i t i a l  low value,  

than when the  SD was maintained a t  a  h igh  l e v e l .  

2 .  E f f e c t  of a  suddenly increased  s a t u r a t i o n  d e f i c i t  

occur r ing  i n  l i g h t ,  a s  compared t o  darkness .  T ransp i r a t ion  before  

time zero was low i n  bo th  Experiments A-11 andA+Z (Figure I ) ,  s i n c e  

t h e  p l a n t s  were i n  t h e  dark  and a t  a low SD. As a l r eady  discussed,  

t r a n s p i r a t i o n  acce l e ra t ed  r a p i d l y  i n  Experiment A-11 i n  response t o  

both l i g h t  and a  r ap id  inc rease  i n  SD. I n  c o n t r a s t ,  t r a n s p i r a t i o n  i n  
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Experiment A-12 showed only a slow a c c e l e r a t i o n  i n  t he  dark i n  response 

t o  a s i m i l a r  change i n  SD; the  peak was no t  a t t a i n e d  u n t i l  the  second 

measurement per iod  a f t e r  t he  change, a l though the  time taken t o  genera te  

t h e  h igher  evapora t ive  demand was the  same i n  both experiments (about 
-1 -1 

30 minutes) ,  The maximum t r a n s p i r a t i o n  r a t e  of 6 g p l a n t  h r  

occurr ing  i n  the  dark a t  a SD of 28 mb (Experiment 8-12) was only 

one-fourth a s  much a s  t h a t  i n  t h e  l i g h t  i n  Experiment 8-11, 

I n  both experiments,  i f  t h e  change i n  evapora t ive  demand had 

occurred i n  the  l i g h t ,  t r a n s p i r a t i o n  might have been g r e a t e r  i n  

Experiment 8-12 by the  r a t i o  of t he  SD va lues ;  i e , ,  

I n s t ead ,  i t  was only one-fourth a s  much. On a l e a f - a r e a  b a s i s ,  

t r a n s p i r a t i o n  was 0.22 a s  g r e a t  i n  Experiment A-12 a s  i n  A-11, This 

comparison c l e a r l y  i n d i c a t e s  t he  pronounced e f f e c t  of stomata1 

ape r tu re  on t r a n s p i r a t i o n  r a t e .  As shown i n  F igure  2, i n  Experiment 

A-12 water absorp t ion  somewhat exceeded t r a n s p i r a t i o n  be fo re  time 

zero,  bu t  was l e s s  than t r a n s p i r a t i o n  when the  SD was r a i s e d  from 

10 t o  28 mb, This  i n t e r n a l  water d e f i c i t  developed a f t e r  a l a g  of 

one period,  due t o  t he  de lay  i n  a c c e l e r a t i o n  of t r a n s p i r a t i o n  mentioned 

above. The lowering of t he  SD t o  9 mb (120 minutes a f t e r  time zero)  

brought about e q u a l i t y  i n  t r a n s p i r a t i o n  and absorp t ion  ( t h e  l a s t  

f i v e  po in t s  r ep re sen t ing  da t a  obtained a f t e r  the  lowering of t he  SD). 

Thus the  responses were s i m i l a r  t o  those  i n  Experiment A-11, bu t  of 

smal le r  amplitude. The cumulative d a t a  i n  F igure  3 show only a very 

mild dehydrat ion due t o  t he  increased SD i n  Experiment A-12, whereas 

t he  d a t a  from the  b e t a  ray gauge demonstrate a more severe  and longer 

l a s t i n g  dehydrat ion (Figure 4) .  However, t hese  two s e t s  of d a t a  

agree  t o  t he  ex t en t  of showing an i n i t i a l  water balance,  followed by 

a p l a n t  water  d e f i c i t ,  which even tua l ly  was made up ,  As mentioned 

above, i n  Experiment A-11 the  e f f e c t  of l i g h t  added t o  t h a t  of 

increased  SD brought about no t  only g r e a t e r  dehydrat ion,  bu t  a l s o  
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a somewhat g r e a t e r  "superhydration" a t  the  end of t he  experiment than 

d id  an increased SD a lone .  

3 .  E f f e c t  of magnitude of a suddenly increased  s a t u r a t i o n  d e f i c i t ,  

occur r ing  i n  l i g h t ,  on i n t e r n a l  water balance.  T ransp i r a t ion  acce l e ra t ed  

r ap id ly  i n  both Experiments A-11 and A-13 (Figure 5 ) )  reaching a peak 

value,  and then  decreas ing  somewhat, As might be  expected, t r a n s p i -  

r a t i o n  was much more r ap id  a t  a SD of 45 mb than a t  22 mb. On a l e a f -  

a r e a  b a s i s ,  t he  increased  t r a n s p i r a t i o n  was almost d i r e c t l y  p ropor t iona l  

t o  the  inc rease  i n  SD. I n  both experiments t r a n s p i r a t i o n  r ap id ly  f e l l  

t o  t he  i n i t i a l  r a t e  when the  l i g h t s  went o f f  and t h e  SD was lowered 

t o  9 mb, I n  both experiments the  sudden inc rease  i n  SD i n  the  presence 

of l i g h t  brought about excess t r a n s p i r a t i o n  over water absorp t ion  

during the  f i r s t  per iod  fo l lowing  the  change, bu t  excess  absorp t ion  

over  t r a n s p i r a t i o n  i n  t he  second period (Figure 6 ) .  I n  succeeding 

per iods  of l i g h t  t he  two processes  were i n  balance i n  both  experiments.  

With a r e t u r n  t o  the  i n i t i a l  SD i n  the  dark,  water absorp t ion  exceeded 

t r a n s p i r a t i o n  by quit .e a b i t  f o r  the  f i r s t  per iod ,  apd then only s l i g h t l y ,  

i n  both Experiments A-11 and A-13. Both e x p e r i m e ~ t s  a l s o  show q u i t e  

s i m i l a r  responses f o r  t he  cumulative water balance (Figure 7 ) .  A 

p o s i t i v e  water ba lance  was changed t o  a nega t ive  one dur ing  t h e  time 

of t he  increased  SD i n  the  l i g h t ,  and back t o  a p o s i t i v e  balance 

when the  SD was lowered i n  t he  d a r k .  Experiment A-13 was noteworthy 

f o r  the  ex t en t  t o  which "superhydration" occurred, i . e , ,  the  p l a n t s  

being cons iderably  b e t t e r  hydrated a t  t he  end of t he  experiment than 

a t  t he  beginning,  To a l e s s e r  ex t en t  t h i s  phenomenon occurred i n  

Experiment A-11. The b e t a  ray gauge d a t a  of F igure  8 confirm the 

cumulative d a t a  from d i r e c t  measurements i n  a l l  e s s e n t i a l s ,  The 

p l a n t s  of bo th  experiments began i n  a wel l-hydrated condi t ion ,  

became p a r t i a l l y  dehydrated upon sudden exposure t o  a high evapo- 

r a t i v e  demand i n  t he  l i g h t ,  p a r t i a l l y  overcame t h i s  nega t ive  water 

balance even i n  t he  l i g h t  a t  a high SD, then made up the  water d e f i c i t ,  

and even "superhydrated" when the  SD was lowered t o  t he  i n i t i a l  va lue  

i n  the  dark .  

Annual Report of the U.S. Water Conservation Laboratory



4. Low-temperature precondi t ion ing  e f f e c t s  on the response t o  an 

increased  SD. I n  four  experiments descr ibed i n  Sec t ion  2  of t h i s  r e p o r t  

t he  i n i t i a l  dry-bulb temperature was 21C; however, i n  Experiment 14, 

equi l ibr ium condi t ions  were: dry-bulb 12C, vapor p re s su re  he ld  a t  

9 2 1 mb ins t ead  of t he  cons tan t  17-mb c h a r a c t e r i s t i c  of t he  o t h e r  four  

experiments descr ibed  i n  Sec t ion  2. Thus, Experiments 8-11 and A-14 

a r e  c l o s e l y  comparable i n  the  inc rease  i n  evapora t ive  demand, bu t  

a r e  d i f f e r e n t  p r imar i ly  i n  t h e  equi l ibr ium temperature cond i t i ons .  

The major d i f f e r e n c e  i n  response i s  i n  t h e  pronounced l a g  i n  t r a n s p i -  

r a t i o n  r i s e  occurr ing  i n  Experiment A-14, a s  compared t o  Experiment 

A-11 (Figure 5 ) .  I n  Experiment 8-11 t r a n s p i r a t i o n  showed t h e  normal 

rap id  a c c e l e r a t i o n  i n  response t o  l i g h t  and an increased  evapora t ive  

demand, r i s i n g  f i v e f o l d ,  while  t he  SD approximately doubled i n  the  f i r s t  

30 minutes,  I n  c o n t r a s t ,  i n  Experiment A-14 t r a n s p i r a t i o n  was more 

nea r ly  p ropor t iona l  t o  t he  SD, both  t r a n s p i r a t i o n  and t h e  SD approxi- 

mately doubling i n  t he  same per iod .  The f a s t  r i s e  i n  t r a n s p i r a t i o n  was 

postponed f o r  one whole per iod  i n  A-14. By the  e a r l y  p a r t  of the  second 

per iod  a f t e r  time zero, t he  u l t i m a t e  va lue  of SD had a l r eady  been 

a t t a i n e d  (25 mb), b u t  t r a n s p i r a t i o n  continued t o  r i s e .  Af t e r  reaching 

a  peak, i t  f e l l  i n  t he  next  per iod,  due probably t o  temporary wi l t i ng ,  

and then rose  s l i g h t l y .  The peak t r a n s p i r a t i o n  r a t e  i n  Experiment A-14 

was only one-half t h a t  i n  Experiment A-11, even though t h e  values of 

SD were e s s e n t i a l l y  t he  same i n  both  experiments (25 and 22 mb, 

r e s p e c t i v e l y ) .  This  was t r u e  both  on a  p l a n t  and l e a f - a r e a  b a s i s .  

It may be t h a t  a  l a g  i n  t he  r a t e  of leaf-temperat.ure r i s e  f o r  t he  

p l a n t  e q u i l i b r a t e d  a t  12C was r e spons ib l e  f o r  t h e  slow a c c e l e r a t i o n  of 

t r a n s p i r a t i o n .  I f  so,  t he  s a t u r a t i o n  vapor p re s su re  of t he  water 

i n s i d e  the l e a f  would be lower than a n t i c i p a t e d ,  and hence would 

r e s u l t  i n  a  lower e f f e c t i v e  SD, which i n  t u r n  would r e s u l t  i n  lower 

t r a n s p i r a t i o n .  However, t h e  th inness  of leaves makes any s i g n i f i c a n t  

l a g  i n  temperature e q u i l i b r a t i o n  doubt fu l .  Conceivably, p e r s i s t e n c e  

of a  l a g  would be enhanced by t h e  d i r e c t  e f f e c t  of t h e  cold water 

en t e r ing  the  r o o t s  and t r a n s l o c a t i n g  t o  t h e  shoots ;  t h i s  water,  

i n i t i a l l y  a t  12C, d e f i n i t e l y  d i d  no t  h e a t  up r ap id ly ,  r i s i n g  from 
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12C t o  186 i n  30 minutes ,  Whatever t he  cause, the  e f f e c t  of the  

delayed r i s e  i n  t r a n s p i r a t i o n  can be seen i n  F igure  6, where the  

p l a n t  of Experiment A-14 had a  nega t ive  water balance i n  the  second 

period a f t e r  time zero,  r a t h e r  than t h e  f i r s t ,  a s  i n  Experiment A-11. 

Both experiments were s i m i l a r  i n  t he  response fol lowing the  water 

d e f i c i t ,  i n  t h a t  absorp t ion  equaled o r  was g r e a t e r  than t r a n s p i r a t i o n .  

The cumulative e f f e c t  (Figure 7) was anomalous f o r  Experiment A-14, 

s i n c e  the  p o i n t s  l i e  above r a t h e r  than on the  base l i n e  a t  the  

beginning of t he  experiment.  Thus, sub t r ac t ing  t h e  amount of water 

l o s t  during the  s i n g l e  per iod showing negat ive  water  balance from 

the  preceding cumulative d a t a  r e s u l t s  i n  only a  s l i g h t  d i p  below the  

re ference  l i n e  f o r  one pe r iod ,  I f  t he  d a t a  po in t s  had been on the  

re ference  l i n e  be fo re  time zero,  which is a  more normal alignment 

(showing a  balance between t r a n s p i r a t i o n  and water abso rp t ion ) ,  t he  

s i n g l e  sharp drop i n  absorp t ion  minus t r a n s p i r a t i o n  (shown i n  

F igure  6) would have r e s u l t e d  i n  a  more no t i ceab le  decrease i n  the  

cumulative water ba lance  ( i n  F igure  7 ) )  a s  i s  t r u e  of t h e  d a t a  from 

the  be t a  ray gauge ( i n  F igure  8 ) .  It i s  l i k e l y  t h a t  t he  d i r e c t -  

measurement d a t a  a r e  l e s s  r e l i a b l e  he re  than the  da t a  from t h e  b e t a  

ray gauge, s i n c e  the  very  low ga ins  and l o s s e s  of water c h a r a c t e r i s t i c  

even of l a r g e  p l a n t s  a t  low SD i n  t he  dark make d i r e c t  measurements 

s u b j e c t  t o  a larger- than-normal  p ropor t iona l  e r r o r .  Af t e r  t he  r e -  

establ ishment  of a  low SD i n  t he  dark i n  Experiment A-14, cons iderable  

"superhydration" occurred,  a s  shown by d i r e c t  measurements, b u t  no t  

confirmed by b e t a  ray gauge readings,  which show only t h a t  t h e  p l a n t  

was a s  wel l  hydrated a t  t h e  end of t he  experiment a s  a t  the  s t a r t .  

I n d i r e c t  de te rmina t ion  of water ba lance  by means of two b e t a  ray gauges. 

A .  A h igher  s a t u r a t i o n  d e f i c i t  generated by an increased  dry-bulb 
temperature.  

1. Increased s a t u r a t i o n  d e f i c i t  occur r ing  be fo re  i l l umina t ion .  

To be su re  t h a t  t h e  s tandard  e q u i l i b r a t i n g  condi t ions  (16 hours i n  t he  

dark a t  a  low SD wi th  the  p l a n t  r o o t s  i n  ae ra t ed  n u t r i e n t  s o l u t i o n )  

r e s u l t e d  i n  a  wel l-hydrated p l a n t ,  a t tempts  were made t o  enhance 

hydra t ion  by use  of humidity chambers around the  p l a n t  during the  
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e q u i l i b r a t i o n  per iod .  Both s h o r t  and long exposures of t he  p l a n t  t o  , 

a chamber a t  o r  near ' lOO-percent  r e l a t i v e  humidity had only a  small  and 

momentary e f f e c t  on p l a n t  t u r g i d i t y ,  a s  evidenced by l ea f  th ickness  

determined from b e t a  ray gauges near  the  top and base of t he  p l a n t .  

Therefore,  i n  succeeding experiments i t  was assumed t h a t  "standard" 

e q u i l i b r a t i o n  cond i t i ons  wi th  the  SD p re fe rab ly  12 mb o r  l e s s  would 

b r ing  about cond i t i ons  conducive t o  well-hydrated p l a n t s  i n  repeated 

experiments.  

I n  Experiment B-5 t h e  i n i t i a l  and f i n a l  condi t ions  were: darkness,  

dry-bulb 25C, SD 10 mb; t he  in te rvening  condi t ions  were: dry-bulb 35C, 

SD 40 mb, f i r s t  i n  t he  dark and l a t e r  i n  t he  l i g h t .  F igure  9 shows the  

time course of l e a f  th ickness  f o r  two leaves  of a  c o t t o n  p l a n t .  I n  the  

time r ec t ang le s  a t  t h e  bottom of t h e  graph the  c l e a r  a r e a  r ep re sen t s  

an i l l umina t ion  per iod ,  while  t h e  cross-hatched a reas  r ep re sen t  dark 

per iods ;  the  s a t u r a t i o n  d e f i c i t  (SD) i s  i nd ica t ed  i n  each r ec t ang le .  
- L 

The i n i t i a l  equiva len t  th ickness  f o r  t h e  upper l e a f ,  21.75 mg cm , 
r ep re sen t s  a  wel l-hydrated l e a f ,  which, i n  turn ,  i s  r e p r e s e n t a t i v e  

of t he  whole p l a n t .  During the  f i r s t  p a r t  of t he  experiment t he re  

was no e s s e n t i a l  change i n  l ea f  th ickness  - e i t h e r  upper o r  lower - 
which i n d i c a t e s  a  balance between t r a n s p i r a t i o n  and water absorp t ion .  

A t  0845 the  SD was increased  from 10 t o  40 mb, t h e  whole change 

n e c e s s i t a t i n g  about 30 minutes ,  The negat ive  water balance of t h e  

p l a n t  a s  a  whole i n  response t o  the  g r e a t e r  a c c e l e r a t i o n  of 

t r a n s p i r a t i o n  than  absorp t ion  r e s u l t e d  i n  a  downward t rend  i n  leaf  

th ickness  soon a f t e r  0845. Shor t ly  t h e r e a f t e r  t h e  p l a n t  began t o  

recover ,  a s  shown by the  rega in ing  of l ea f  th ickness .  The upper l ea f  

went through minor f l u c t u a t i o n s  during t h e  remainder of the  time a t  

t he  40-mb SD, b u t  had regained t u r g i d i t y  by the  time the  l i g h t s  came 

on a t  1030. Then stomata1 opening l e d  t o  a  g r e a t e r  l o s s  than ga in  

of water by t h e  p l a n t ,  whicih r e s u l t e d  i n  t he  second period of tu rgor  

l o s s ,  with the  minimum lea f  th ickness  15 minutes a f t e r  the  l i g h t s  

came on. I n  t h i s  experiment, v i s i b l e  w i l t i n g  of t he  p l a n t  corresponded 

wi th  the  times of minimum leaf  th ickness ,  t he  p l a n t  r epea t ed ly  w i l t i n g  

and recovering i n  phase wi th  the  f l u c t u a t i o n s  of l ea f  th ickness  shown 
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i n  F igure  9 .  The cyc le  l eng th  was one-half hour ,  The t o t a l  decrease  
- 2 

i n  leaf  th ickness  was n o t  very g r e a t ,  0.35 mg cm , b u t  t h i s  amount 

of l o s s  represented  t h e  d i f f e r e n c e  between a  t u rg id  and a  w i l t ed  

p l a n t .  Turning o f f  the  l i g h t s  was very e f f e c t i v e  i n  r ap id ly  depressing 

t r a n s p i r a t i o n .  This,  i n  tu rn ,  l ed  t o  a  f a s t  recovery of t he  p l a n t .  

I n  f a c t ,  t h e r e  was a  s l i g h t  i n d i c a t i o n  of excess  hydra t ion ,  which 

became more d e f i n i t e  when the  SD was re turned  t o  10 mb. The 

"superhydration" (ga in  i n  l e a f  th ickness  over t he  i n i t i a l  wel l -  
- 2 

hydrated va lue)  amounted t o  0.20 mg cm i n  the  upper l e a f .  The 

lower l e a f  went through approximately the  same f l u c t u a t i o n s  and 
- 2 

responses a s  t he  upper, b u t  l o s t  more water ,  0 .63 mg cm , upon 

dehydrat ion.  It too was somewhat b e t t e r  hydrated a t  t h e  end of t h e  

experiment than the  beginning.  It i s  s i g n i f i c a n t  t h a t  t he  peaks and 

troughs of the  l ea f - th i ckness  curves coincided f o r  upper and lower 

leaves ,  i n d i c a t i n g  u n i t y  of the  bulk water w i th in  the  p l a n t .  

2. Increased  s a t u r a t i o n  d e f i c i t  occur r ing  along wi th  sudden 

i l l umina t ion .  I n  Experiment B-3 the  temperature range and humidity 

condi t ions  were the  same a s  those  f o r  B-5 during the  bulk of t he  

experiment, bu t  no t  a t  t he  very beginning, where an at tempt  was made 

t o  g e t  even b e t t e r  i n i t i a l  hydra t ion  than the  "standard" procedure 

gave. With the  Climate Chamber maintained a t  25C, and a  SD of 10 mb, 

t h e  p l an t ,  which had been overnight  under t hese  condi t ions ,  was 

placed i n  a  box wi th  r e l a t i v e  humidity a t  o r  near  100 pe rcen t .  Figure 

10 shows a  s l i g h t  l o s s  of leaf  th ickness  due t o  removal of t h e  p l a n t  

from the  high humidity chamber and exposure t o  10-mb SD i n  the  dark.  
- 2 

Then the  l ea f - th i ckness  va lues  (upper l e a f )  were s teady  a t  17 .1  mg cm , 
- 2 

in s t ead  of 17.25 mg cm c h a r a c t e r i s t i c  of the  humidity chamber. The 

base l i n e  drawn a t  17.25 could have been drawn j u s t  a s  app ropr i a t e ly  
- 2 

a t  17.10 mg cm , Both leaves  showed the  s l i g h t  lessening  i n  th ickness  

due t o  removal from a very low SD and exposure t o  t he  h igher  SD of 

10 mb. When the  va lues  became s t a b l e  a t  10 mb, t h e  l i g h t s  were turned 

on a t  the  same time a s  t h e  SD was r a i s e d  t o  40 mb (dry-bulb going 

from 25 t o  35C) The extreme decrease  i n  l ea f  th ickness  i n  both 
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l eaves  i s  t o  be con t r a s t ed  wi th  t h e  much mi lder  dehydra t ion  occurr ing  

i n  Experiment B-5. 

An increased  SD co inc iden t  wi th  sudden i l l u m i n a t i o n  was much 

more e f f e c t i v e  than t h e  same inc rease  i n  SD i n  darkness ,  followed by 

sudden i l l umina t ion .  However, t h e  time t o  a t t a i n  t h e  g r e a t e r  dehydrat ion 

was about the  same - 15 minutes.  Considerable recovery occurred i n  

both leaves  even i n  the  l i g h t  under the  h igh  evapora t ive  demands, 

Turning o f f  t he  l i g h t s  had a rap id  b u t  s l i g h t  e f f e c t  i n  i nc reas ing  

l e a f  th ickness  i n  t he  upper l e a f ,  and somewhat more e f f e c t  i n  t he  lower 

l e a f .  F u l l  rehydra t ion  was no t  a t t a i n e d ,  however, u n t i l  the  SD was 

lowered t o  10 mb i n  t he  dark .  A t  t h i s  po in t  both leaves  had achieved 

the  same th ickness  a s  t h e i r  i n i t i a l  wel l-hydrated va lue ,  bu t  showed 

no evidence of " superhydra t ion ."  

It seemed of g r e a t  importance t o  understand the  s i g n i f i c a n t l y  

d i f f e r e n t  response of t h e  c o t t o n  p l a n t  t o  increased  evapora t ive  demand, 

depending on the  presence o r  absence of l i g h t  dur ing  the  change i n  SD. 

Therefore,  i n  o rde r  t o  exclude the  p o s s i b i l i t y  t h a t  t he  d i r e c t  e f f e c t  

of increased a i r  temperature i n  some manner might be r e spons ib l e  f o r  

t he  cyc l ing  i n  l ea f  th ickness ,  r a t h e r  than the  increased  SD p e r  s e ,  

i t  was decided t o  main ta in  a cons t an t  dry-bulb temperature,  and r a i s e  

t he  SD by lowering t h e  vapor p re s su re .  

B .  Isothermal  experiments i n  which higher  va lues  of s a t u r a t i o n  
d e f i c i t  were generated by a lowered vapor p re s su re .  

1. Increased  s a t u r a t i o n  d e f i c i t  occur r ing  be fo re  i l l umina t ion .  

I n  Experiment B-7 a i r  temperature was maintained a t  30C cont inuously.  

The i n i t i a l  and f i n a l  va lues  of SD were 12 mb; t he  in t e rven ing  SD was 

30 mb, generated by lowering the  vapor pressure ,  t he  change occurr ing  

i n  the  dark.  Both upper and lower leaves  began the  experiment i n - a  

hydrated condi t ion ,  a s  i nd ica t ed  by t h e  very smal l  f l u c t u a t i o n s  i n  

t h e  curves f o r  l e a f  t h i ckness  (Figure 11 ) .  The inc rease  i n  SD from 

12 mb t o  30 mb began a t  1005, and was completed i n  30 minutes, a s  i n  

o t h e r  experiments.  Both leaves  responded promptly t o  t h e  increased evapo- 

r a t i v e  demand by decreas ing  i n  th ickness .  They reached the  po in t  o f  

g r e a t e s t  dehydrat ion i n  about 20 minutes,  and then  made a p a r t i a l  
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recovery.  La ter ,  when f a i r l y  s teady  values were being recorded, t he  

l i g h t s  were turned on. This aga in  dehydrated the  leaves  t o  about t he  

same ex ten t  a s  before ,  and i n  about t he  same time. P a r t i a l  recovery 

occurred aga in  i n  each l e a f ,  bu t  t he  s t a b l e  l e v e l  a t t a i n e d  s t i l l  

represented  a  dehydrat ion,  i n  comparison EO t he  i n i t i a l  value,  of 
- 2 - 2 

about 0 .5 mg cm and 0.35 mg cm f o r  t he  upper and lower l e a f ,  

r e spec t ive ly .  No v i s i b l e  w i l t i n g  could be  de t ec t ed  a t  t h i s  time, 

however. %en the  l i g h t s  were turned o f f ,  both leaves  immediately 

s t a r t e d  t o  r ega in  th ickness  and i n  20 minutes leve led  o f f  a t  a  

th ickness  somewhat l e s s  than the  s t a r t i n g  va lue .  When the  SD was 

re turned  t o  12 mb, a  s l i g h t  a d d i t i o n a l  hydra t ion  occurred, which 

brought t he  th ickness  e s s e n t i a l l y  back t o  t h a t  c h a r a c t e r i s t i c  of 

t he  well-hydrated p l a n t ,  There i s  some i n d i c a t i o n  of a  cyc l ing  i n  

l e a f  th ickness ,  b u t  i t  i s  no t  a s  c l e a r  a s  be fo re  i n  t he  analogous 

experiment. It i s  p e r t i n e n t  t o  po in t  out  t h a t  continuous ana lyses  

of carbon d ioxide  i n  t he  Climate Chamber were made with an i n f r a r e d  

analyzer  and recorded on a s t r i p  c h a r t .  These d a t a  sh,ow t h a t  

CO was a t  o r  above 300 ppm i n  the  room a t  a l l  t imes during t h e  
2 

experiment,  This would seem t o  r u l e  out  a  pe r iod ic  de f i c i ency  of 

CO a s  the cause of pe r iod ic  opening of stomates i n  t h e  dark,  2  
Nevertheless ,  t he  CO measured was the  content  of the  bulk a i r  - 

2 
n o t  t h a t  w i th in  the  l eaves .  A t  p r e sen t  t h e  r e l a t i o n s h i p  of C 0 2  

supply t o  t he  measured f l u e t u a t i o n s  i n  l ea f  th ickness  i s  obscure.  

Prel iminary r e s u l t s  i n  measuring s tomata l  a p e r t u r e  on 

a  s i s t e r  p l a n t  t o  t h a t  wi th  t h e  gauges a r e  extremely i n t e r e s t i n g  

(WCL-34A). These s tomata l  impressions of t h e  upper l ea f  demonstrated 

a d e f i n i t e  opening of stomates i n  t he  dark engendered by the  suddenly 

lowered vapor pressure .  I n  o the r  r e spec t s  the  stomates ac ted  predic-  

tab ly ,  being c losed  i n  t h e  dark a t  a  low SD, open i n  t he  l i g h t ,  and 

c losed  aga in  a t  t he  end of t he  experiment ( i n  the  dark a t  a  low SD). 

2 .  Increased s a t u r a t i o n  d e f i c i t  occur r ing  along wi th  sudden 
i l l umina t ion .  I n  Experiment B-6, aga in  c a r r i e d  ou t  a t  a  cons tan t  a i r  

temperature of 30C, t he  SD was increased from 12 t o  30 mb, and l a t e r  

re turned  t o  12 mb. Occurrence of sudden i l l umina t ion  a t  the  same time 
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t he  SD was increased  brought about a g r e a t e r  dehydrat ion of both leaves ,  

e s p e c i a l l y  the lower, than when an equal  i nc rease  i n  SD occurred i n  

t he  dark .  Consequently, the time t o  reach maximum dehydrat ion was 

longer  when the  dehydrat ion took p l ace  i n  the  l i g h t  than  i n  the  dark.  

I n  c o n t r a s t  t o  t he  previous experiments, the  upper and lower leaves 

i n  t h i s  l a s t  experiment were not  q u i t e  i n  phase f o r  the  time of 

maximum dehydrat ion (minimum lea f  t h i ckness ) ,  t h e  lower l ea f  being 

delayed,  The two leaves  recovered from dehydrat ion a t  t he  same r a t e ,  

however. Considering t h e  ex t en t  of dehydrat ion,  t h e  degree of 

recovery of both leaves  while  t he  p l a n t  s t i l l  was i n  t he  l i g h t  exposed 

t o  30-mb SD i s  s i g n i f i c a n t ,  One hour a f t e r  having reached i t s  l e a s t  

th ickness ,  the  upper l ea f  regained i t s  o r i g i n a l  th ickness  va lue .  

Turning of f  t he  l i g h t s  caused a moderate "superhydration" which was 

no t  enhanced by lowering the  SD t o  12 mb. F i f t y  minutes a f t e r  the  

lower l ea f  had reached i t s  l e a s t  thickness ,  i t  too  had recovered, bu t  

no t  completely.  It d id  not  r ega in  i t s  o r i g i n a l  th ickness  u n t i l  the 

l i g h t s  were turned o f f .  As wi th  the  upper l e a f ,  lowering the  SD t o  

12 mb i n  the dark brought about no enhancement of l e a f  hydra t ion  over 

t h a t  which was due t o  darkness  a lone .  

I n  t h i s  experiment stomata1 a p e r t u r e  measurements determined 

on both leaves  showed t h e  stomates t o  be c losed  i n  t he  dark and open 

i n  t he  l i g h t ,  wi th  a very s h o r t  response time, l e s s  than 5 minutes 

f o r  a change from c losed  t o  f u l l y  open s tomates .  

SUMMARY AND CONCLUSIONS: 

The i n t e r n a l  water  balance of co t ton  p l a n t s  was a l t e r e d  by 

manipulation of evapora t ive  demand under c o n t r o l l e d  cond i t i ons .  D i rec t  

and i n d i r e c t  measurements showed t h e  development of a temporary 

i n t e r n a l  water d e f i c i t  a s  t r a n s p i r a t i o n  acce l e ra t ed  f a s t e r  than water 

absorpt ion,  i n  response t o  a r ap id  inc rease  i n  t he  s a t u r a t i o n  d e f i c i t  

(SD). T ransp i r a t ion  was acce l e ra t ed  r ap id ly  i n  two ways: (1)  by 

imposi t ion of sudden f u l l - i n t e n s i t y  i l l umina t ion  a t  a s e r i e s  of 

predetermined va lues  of SD, and (2) by a r ap id  inc rease  i n  t h e  SD 

a f t e r  the  p l a n t s  had been e q u i l i b r a t e d  i n  t he  dark  a t  a low SD. I n  

the  l a t t e r  method an increased  SD was generated e i t h e r  by r a i s i n g  
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dry-  and wet-bulb temperatures,  keeping the  vapor pressure  cons tan t ,  

o r  by lowering the  vapor pressure ,  keeping temperature cons t an t .  

The rap id  inc rease  i n  SD took p l ace  e i t h e r  i n  the  presence o r  absence 

of f u l l - i n t e n s i t y  i l l umina t ion .  

It i s  s i g n i f i c a n t  t h a t  even ia :he dark, where s tomatal  a p e r t u r e  

presumably i s  minimal, t he  response i n  t r a n s p i r a t  ion  t o  a  r ap id ly  

increased evapora t ive  demand was s u f f i c i e n t l y  more rap id  than 

absorp t ion  t o  induce temporary p l a n t  dehydrat ion.  However, i n  the  

l i g h t  a  given inc rease  i n  SD was much more e f f e c t i v e  i n  dehydrating 

a  p l a n t  than i n  t h e  dark, because of the  d i f f e r e n c e  i n  s tomata l  

ape r tu re .  The magnitude of t r a n s p i r a t i o n  r a t e  was c l o s e l y  c o r r e l a t e d  

wi th  the  SD, b u t  a  moderately h igh  evapora t ive  demand was about a s  

e f f e c t i v e  a s  a  very h igh  va lue  i n  causing p a r t i a l  p l a n t  dehydrat ion,  

Low temperature dur ing  the  precondft ioning per iod  (darkness a t  a  low 

SD) brought about a  d e f i n i t e  delay i n  the  a c c e l e r a t i o n  of t r a n s p i r a t i o n  

r a t e .  As a  consequence, wi th  the  SD r a i s e d  t o  a  given value,  t u rgo r  

l o s s  was not  so severe  a f t e r  low temperature precondi t ion ing  a s  i t  

was when normal temperature preva i led  during precondi t ion ing .  The 

cause of t h i s  phenomen~n may be a  slower warming of t he  leaf  and a  

consequent l e s s e r  e f f e c t i v e  SD than  ind ica t ed  by ambient condi t ions .  

Usually,  t u rn ing  o f f  the  l i g h t s  was s u f f i c i e n t  t o  b r ing  about 

recovery from a nega t ive  water balance, due t o  t h e  e f f e c t i v e  

suppression of s tomata l  t r a n s p i r a t i o n .  However, an e a r l y  experiment 

gave evidence of enhanced recovery by a  lowering of t h e  SD t o  the  

i n i t i a l  value,  i n  a d d i t i o n  t o  t u rn ing  o f f  the  l i g h t s .  This  enhancement 

i s  i n t e r p r e t e d  a s  a  lowering of c u t i c u l a r  t r a n s p i r a t i o n .  La ter  

experiments ended wi th  provis ion  of a  low SD and darkness  a s  a  

s tandard  procedure, 

That the  i so thermal  method gave the  same r e s u l t s  a s  the cons tan t  

vapor-pressure method of c r e a t i n g  a  h igher  SD i n d i c a t e s  t he  negat ive  

water balance is due t o  the  d i f f e r e n c e  i n  r e l a t i v e  r a t e s  of t r a n s -  

p i r a t i o n  and water  absorp t ion ,  uncomplicated by some s o r t  of d i r e c t  

e f f e c t  of temperature r i s e  occur2fng i n  t he  l a t t e r  method. 
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Although a l o s s  i n  t u r g i d i t y  could be induced quick ly  by inc reas ing  

the  evapora t ive  demand, t h e  p l a n t s  p a r t i a l l y  recovered i n  the  l i g h t  

and under t he  increased  SD t h a t  had caused the  i n t e r n a l  water d e f i c i t .  

Two f a c t o r s  c o n t r i b u t i n g  t o  t he  regaining of t u rgo r  were (1) a 

reduct ion  i n  t r a n s p i r a t i o n  due t o  p a r t i a l  s tomata l  c lo su re ,  and (2)  

an increased water absorp t ion  r a t e ,  presumably due t o  a h igher  

d i f f u s i o n  p re s su re  d e f i c i t  i n  t h e  p a r t i a l l y  w i l t e d  leaves ,  which 

steepened the  g rad ien t  i n  DPD from roo t  t o  l eaves .  

The d i r e c t  measurement of t r a n s p i r a t i o n  and absorp t ion  was 

confirmed and ampl i f ied  by i n d i r e c t  measurements wi th  two b e t a  ray 

gauges, one near  t he  t i p ,  and one nea r  the  base of the  p l a n t .  The 

p r i n c i p l e  underlying t h e i r  use  i s  a decrease i n  l ea f  th ickness  

when t r a n s p i r a t i o n  exceeds absorp t ion ,  and an inc rease  when 

absorp t ion  i s  g r e a t e r  than l o s s  of water .  The two gauges responded 

a t  the  same time t o  changes i n  evapora t ive  demand, demonstrating t h e  

u n i t y  of t h e  water system i n  p l a n t s .  When the  SD was increased  from 

th ree fo ld  t o  f i v e f o l d  i n  t he  dark, p l a n t  t u r g i d i t y  decreased s l i g h t l y ,  

reaching a low po in t  i n  about 15 minutes, bu t  then increased  i n  a 

somewhat longer  per iod ,  under unchanged ambient cond i t i ons .  S i g n i f i -  

can t ly ,  t h e r e  was a cons iderable  degree of s tomata l  opening i n  the 

dark i n  response t o  t h e  suddenly increased  evapora t ive  demand, a s  

evidenced by s i l a s t i c  rubber s tomata l  impressions. The s tomata l  

measurements a l s o  showed c losu re  i n  t he  dark previous t o  t he  

increased evapora t ive  demand, a p a r t i a l  c lo su re  a f t e r  t he  opening 

and a wide opening i n  the  l i g h t  ( s ee  WCL-34A). When the  l i g h t s  

came on, l o s s  of t u r g i d i t y  occurred again,  which coincided wi th  

v i s i b l e  w i l t i n g  symptoms. This i n  t u r n  was followed by recovery 

of t u r g i d i t y  and disappearance of w i l t i n g  symptoms. A d e f i n i t e  

cyc l ing  i n  w i l t i n g  and recovery occurred wi th  a frequency of one- 

ha l f  hour.  

The a c t u a l  change i n  equiva len t  leaf  th ickness  between peaks 
- 2 - 2 

and troughs was small ,  0.30 mg cm i n  t h e  upper l ea f  (0.50 mg cm 

i n  t h e  lower),  bu t  was s u f f i c i e n t  t o  b r ing  about w i l t i n g  o r  recovery. 

Af t e r  s e v e r a l  cyc l e s  t he  l l g h t s  were turned o f f ,  whereupon t o t a l  

29- 16 
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recovery of hydra t ion  was followed by a small  amount of "superhydrat ion."  

This cha in  of events  occurred,  r ega rd l e s s  of whether the  SD was 

increased by r a i s i n g  t h e  temperature o r  lowering t h e  vapor p re s su re .  

I n  c o n t r a s t  t o  t he  r a t h e r  small  amount of dehydrat ion a s soc i a t ed  

with increased  evapora t ive  demand occurr ing i n  darkness,  followed 

l a t e r  by i l l umina t ion ,  l o s s  of t u r g i d i t y  was cons iderable  when the  

l i g h t s  came on s imultaneously wi th  the  increased  evapora t ive  demand. 
- 2 - 2 

This l o s s  was about 1 mg cm f o r  t he  upper l e a f ,  and 4 mg cm f o r  

t he  lower l e a f .  As before ,  a cons iderable  degree of recovery i n  

t u r g i d i t y  occurred be fo re  the  l i g h t s  were turned o f f .  Complete 

recovery depended on tu rn ing  of f  the  l i g h t s ,  however, The 

tendency f o r  superhydrat ion was n o t  so pronounced a s  i n  the  

previous example. 

Both d i r e c t  and i n d i r e c t  measurements a r e  i n  agreement i n  

demonstrating t h e  excess  of l o s s  over ga in  of water by p l a n t s  

exposed t o  a sudden inc rease  i n  evapora t ive  demand. With these  

methods, water  ba lance  can be followed over very s h o r t  i n t e r v a l s ,  

pe rmi t t i ng  p r e c i s e  c h a r a c t e r i z a t i o n  of the  l o s s  of t u rgo r  a s  we l l  a s  

t he  subsequent recovery of t u rgo r  a s  a f f e c t e d  by l i g h t  and s a t u -  

r a t i o n  d e f i c i t .  
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PART 11. IMPROVEMENTS IN THE PERFOWNCE OF THE CLIMATE CHAMBER 

INTRODUCTION : 

The investigation of water balance as affected by evaporative 

demand depends primarily on the adequacy of environmental control. 

Therefore, efforts were made to bring about even better performance 

of the Climate Chamber than before by the following improvements. 

PROCEDURE: 

Installation of new equipment. On 18 July two Leeds & Northrup 

Speedomax recorder-controllers were installed in the wall of room 143, 

facing the hall, using the thermohms already in use for recording 

dry- and wet-bulb temperatures, The new control system, substituted 

for the old Minneapolis-Honeywell mechanical controller, consists of 

two sets each of a current-adjusting type controller, a Speedomax 

recorder, and an electro-pneumatic converter, The same L & N dry- 

and wet-bulb thermohms as used previously each lead to one unit 

of the above control system, The dry- and wet-bulb sensors were 

moved from their former position in the return-air duct above and 

just behind the refrigeration coil back-pressure valve to a ledge 

immediately behind return-air register 4 in the Climate Chamber 

(room 145). In response to th.e dry- and wet-bulb thermohms, current 

from the controller determines the operating air pressure on steam 

valves through the converter. As before, two steam valves supply 

heat in response to the dry-bulb sensor, and one valve supplies 

live steam in response to the humidity sensor. Different springs 

were installed in all three valves to change the operating range from 

7 to 12 psi to a more sensitive range of 5 to 11 psi. In an attempt 

to facilitate attainment of a controlled low temperature, insulation 

was applied to the bottom part of the air duct leading from the air 

handler to the intake registers of the Climate Chamber. After the 

new equipment had been tested adequately, a dew probe (Minneapolis- 

Honeywell SSP129A) was substituted for the wet bulb. This change 

avoids certain problems such as the need for a well-regulated 

constant supply of pure water, the possible complications of dirt 
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and o the r  fo re ign  m a t e r i a l  on the  wet-bulb jacke t ,  o r  f requent  changes 

of j acke t s  needed f o r  optimum wet-bulb ope ra t ion .  

Checking-out procedures .  I n  order  t o  achieve b e t t e r  c o n t r o l  

than the  20.5C dev ia t ions  from the  s e t  po in t ,  which were obtained 

i n  prel iminary t r i a l s ,  a t t e n t i o n  was focused on t h e  bea t ing  and 

cool ing  sources ,  Previous a t tempts  t o  c o n t r o l  pu l sa t ions  i n  steam 

p res su re  o r i g i n a t i n g  a t  t h e  b o i l e r  had been made by i n s t a l l a t i o n  of 

a  pressure-cont ro l  device .  Since the  device d id  no t  work s a t i s f a c -  

t o r i l y ,  i t  was decided t o  remove i t ,  and t o  u se  only the  0.5- inch 

steam va lve  f o r  hea t ing ,  which he lps  e l imina te  much of t h e  p re s su re  

v a r i a t i o n .  Temperature c o n t r o l  i n  the Climate Chamber a r i s e s  from 

the  bucking of a  given amount of r e f r i g e r a t i n g  capac i ty  a g a i n s t  a  

v a r i a b l e  amount of steam h e a t ,  t he  hea t ing  being p ropor t iona l  i n  

response t o  dev ia t ions  from the  s e t  p o i n t .  Re f r ige ra t ing  capac i ty  i s  

no t  p ropor t iona l  - being e i t h e r  on o r  o f f ,  However, some f l e x i -  

b i l i t y  could be achieved i f  t h e r e  were var ious  f ixed  l e v e l s  of 

r e f r i g e r a t i o n ,  a s  represented  by r e f r i g e r a n t  p re s su re  w i th in  the  

c o i l s .  It was found t h a t  proper s e t t i n g  of the  back-pressure 

r e g u l a t o r s  d id  r e s u l t  i n  a  good c o n t r o l  of r e f r i g e r a n t  p re s su re  

and temperature.  Regulat ion of t he  r e f r i g e r a n t  temperature a t  the  

proper  va lue  thus permits  j u s t  enough coun te rac t ive  steam h e a t  t o  

have the  c o n t r o l l i n g  a i r  p re s su re  a t  t he  steam va lve  a t  8  p s i ,  t he  

optimum pres su re  f o r  good c o ~ t r o l .  Although t h e  back pressure  can 

be regula ted  only w i t h i n  c e r t a i n  l i m i t s ,  a  cons iderable  range i s  

f e a s i b l e ,  e s p e c i a l l y  a t  h igh  temperatures.  For example, good c o n t r o l  

was achieved a t  a  dry-bulb temperature of 45C wi th  the  back p re s su re  

on c o i l  1 s e t  a s  h igh  a s  80 p s i ,  corresponding t o  a  r e f r i g e r a n t  

temperature of 80F. The lower l i m i t  f o r  back p re s su re  seems t o  be 

30 p s i  (31F). Lower p re s su res  a t  t he  c o i l  and the re fo re ,  lower 

c o i l  temperatures can be obtained by opening t h e  bypass;  however, 

under such c o n d i t i o m  t h e r e  is  no c o n t r o l ,  Another a l t e r n a t i v e  f o r  

ope ra t ing  a t  low temperatures  t h a t  would a a i n t a i n  c o n t r o l  i s  t o  

open bo th  c o i l s  1 and 2, wi th  the  back p re s su re  s e t  a t  t h e  lowest 

poss ib l e  l i m i t  i n  each c o i l .  
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The appropr i a t e  s e t t i n g  of t he  c o n t r o l l e r  adjustments  appears t o  

be the  same f o r  a l l  temperatures,  whether dry bulb  o r  dew probe. A 

p ropor t iona l  band of 5 percent  seems appropr i a t e  f o r  the  dry-bulb 

c o n t r o l  and of 10 percent  f o r  t h e  dew probe c o n t r o l .  I n  both 

ins tances ,  s a t i s f a c t o r y  r e s u l t s  were obtaiwed wi th  a  r a t e  time of 

0 . 1  and a  r e s e t  of 0 . 2 .  A genera l  p r i n c i p l e  i s  t h a t  i f  t he  r a t e  

time becomes excessive,  o s c i l l a t i o n s  of about fou r  per  10 minutes 

w i l l  appear .  I f  r e s e t  i s  excessive,  t he  o s c i l l a t i o n s  w i l l  be about 

two per  10 minutes.  I f  p ropor t iona l  band i s  too narrow, o s c i l l a -  

t i o n s  w i l l  appear of about one per  10 minutes.  

RESULTS : 

Control l i m i t s  and p r e c i s i o n ,  An at tempt  was made t o  eva lua t e  

t he  lower l i m i t  of temperature,  both under con t ro l  and without  c o n t r o l .  

Before t he  i n s u l a t i o n  was i n s t a l l e d  on the  underside of t h e  a i r  duc t ,  

the  lowest temperature achieved was 7.5C.  Afterwards, the  r e s u l t  of 

another  a t tempt  us ing  the  same s e t t i n g s  was the  same f i n a l  temperature,  

I n  both in s t ances  c o i l s  #1 and #2 were open t o  bypass,  b u t  t h e  low- 

temperature l i m i t  switch was s e t  not  t o  l e t  t he  a i r  temperature 

behind the  c o i l s  drop below 1 C  i n  order  t o  prevent  f r eez ing .  Another 

change which had been made t o  f a c i l i t a t e  ob ta in ing  of a  low temperature 

was the  reduct ion  i n  speed of t he  a i r  handler  f o r  t h e  room. This 

lowered the  h e a t  input  of the  a i r -hand le r  motor from about 5.5 kw t o  

3 . 6  kw, These e f f o r t s  d id  n o t  succegd i n  achieving a  lower temper- 

a t u r e .  The lowest c o n t r o l l e d  temperature a t t a i n a b l e  was 10C. 

The t a b l e  l i s t s  t he  temperatures i nves t iga t ed  f o r  l i m i t s  and 

p r e c i s i o n  of c o n t r o l ,  g iv ing  the  vapor p re s su re  and t h e  s a t u r a t i o n  

d e f i c i t  f o r  a  wide range of cond i t i ons .  Although 10C i s  t he  lowest 

con t ro l l ed  temperature,  t h e  upper l i m i t  of c o n t r o l  (45C)  i s  h igh  

enough t o  al low a tremendous evapora t ive  demand t o  be developed. 

SUMMARY Am CONCLUSIONS : 

Prec i s ion  of c o n t r o l  was improved i n  the  Climate Chamber by 

s u b s t i t u t i o n  of e lectro-pneumatic  c o n t r o l l e r s  f o r  the  mechanical- 

pneumatic type used formerly.  Two Leeds and Northrup Speedomax 

r e c o r d e r - c o n t r o l l e r s  were i n s t a l l e d ,  which ope ra t e  through e l e c t r o -  

pneumatic conver te rs  t o  determine t h e  c o n t r o l l i n g  a i r  p re s su re  on 
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steam va lves  f o r  hea t ing  and humidifying. As before ,  Leeds and 

Northrup thermohms a r e  used a s  temperatures and humidity sensors ,  

b u t  t h e i r  l o c a t i o n  has been changed t o  the  upper r e t u r n - a i r  duct  

i n  the  Climate Chamber. Also, a  dew probe has been s u b s t i t u t e d  f o r  

a  wet bulb t o  monitor vapor p re s su re .  Another change was i n  t h e  

sp r ing  t ens ion  i n  t he  steam va lves ;  t he  more s e n s i t i v e  range from 

5  t o  11 p s i  r ep l ac ing  the  former range of 7 t o  12 p s i .  The duct  

work under t he  a i r  handler  was in su la t ed ,  and t h e  speed of t h e  a i r -  

handler  motor was decreased from an equiva len t  of 5.5 t o  3.6 kw, 

i n  an at tempt  t o  achieve lower temperature l i m i t s  than  before .  

Careful  checking-out procedures and t e s t i n g  e s t a b l i s h e d  t h e  

optimum s e t t i n g s  t o  u se  f o r  p r e c i s e  c o n t r o l .  These included a  

l i m i t a t i o n  on use  of steam t o  a  1/2- inch va lve  over a  wide range 

of temperatures,  t h e  r e g u l a t i o n  of r e f r i g e r a t i o n  by c o n t r o l  of 

t he  r e f r i g e r a n t  back pressure ,  and appropr i a t e  s e t t i n g  of c o n t r o l l e r  

adjustments,  inc luding  the  p ropor t iona l  band, t he  r a t e  time, and 

the  r e s e t .  

These improvements made poss ib l e  the  a t ta inment  of p r e c i s e  

temperature and bumidi.ty c o n t r o l  from 10C t o  45C. The low 

temperature l i m i t  was 7.5C, t he  same low l i m i t  a s  be fo re  the 

changes. P r e c i s i o n  of t he  dry-bulb c o n t r o l  was + 0.2C, and of 

humidity con t ro l ,  + 2 mb a t  t h e  g r e a t e s t  dev ia t ion .  The increased 

refinement i n  c o n t r o l  f a c i l i t a t e s  the  c r e a t i o n  of a  s p e c i f i . ~  evapo- 

r a t i v e  demand, and thereby promotes t h e  i n v e s t i g a t i o n  of water 

balance under a  c o n t r o l l e d  environment. Present  c o n t r o l s  a l s o  

permit automatic programming of environment v a r i a b l e s .  
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PART 111. MEASUREMENT OF THE DIFFUSION PRESSURE DEFICIT OF PLANT 

MATERIAL BY THE SNARDAKOV METHOD 

INTRODUCTION : 

The r e s u l t s  obtained by d i r e c t  measurement of t r a n s p i r a t i o n  

and water absorp t ion  demonstrated the  r a p i d i t y  with which c o t t o n  

p l a n t s  can recover  from a  temporary w i l t  even i n  t h e  presence of 

l i g h t  and the  continued h igh  SD t h a t  f i r s t  induced w i l t i n g .  As 

shown by the  t r a n s p i r a t i o n  curves of F igures  1 and 5, p a r t  of t he  

recovery i s  due t o  a  sharp ly  diminished t r a n s p i r a t i o n  r a t e ,  undoubtedly 

brought about by a  reduced stomata1 ape r tu re .  The d i r e c t  measurement 

of water absorp t ion  showed i t  t o  be increased j u s t  a f t e r  w i l t i ng ,  

which would be anoth.er f a c t o r  promoting r ap id  recovery from w i l t i n g .  

However, the  r a t e  of water absorp t ion  usua l ly  i s  determined by the  

r a t e  of t r a n s p i r a t i o n .  Therefore,  t o  have the  absorp t ion  r a t e  i nc rease  

while  the t r a n s p i r a t i o n  r a t e  s imultaneously decreases ,  presupposes 

another  mechanism f o r  t he  noted g r e a t e r  i nc rease  i n  water  absorp t ion .  

An increased  DPD i n  the  leaves  would expla in  t h i s  phenomenon. When 

leaves w i l t ,  the  DPD inc reases ;  thus the  g rad ien t  from r o o t s  t o  shoot 

i s  steepened, and t h e  r a t e  of water absorp t ion  correspondingly increased .  

D i r e c t  de te rmina t ion  of t he  DPD would permit v e r i f i c a t i o n  of t he  

hypothes is .  For t h i s  purpose r e l a t i v e  t u r g i d i t y  was measured i n  

leaves i n  s eve ra l  previous experiments.  Although r e l a t i v e  t u r g i d i t y  

has  been r e l a t e d  t o  DPD by d i r e c t  c a l i b r a t i o n ,  t h e  r e l a t i o n s h i p  

between the  two de termina t ions  probably i s  a o t  cons t an t  i n  d i f f e r e n t  

s e t s  of p l a n t s ;  hence, r e l a t i v e  t u r g i d i t y  has  n o t  proved t o  be u s e f u l  

i n  the  above problem. A d i r e c t  measurement of DPD i n  each experiment 

would be d e s i r a b l e .  Therefore,  a  r e l a t i v e l y  new method f o r  d i r e c t  

measurement of DPD has  been t e s t e d  - the  Shardakov method ( 2 ) .  

PROCEDURE : 

Descr ip t ion  of method. The Shardakov o r  Russian dye method - 
more appropr i a t e ly ,  the  sucrose  s p e c i f i c  g r a v i t y  method - i s  based 

on a  d i f f e r e n c e  i n  s p e c i f i c  g r a v i t y  between two sucrose  s o l u t i o n s ,  

i n i t i a l l y  a t  t he  same osmotic p re s su re  (OP), one of which, t he  

con t ro l ,  has been una l t e r ed  except  f o r  t he  a d d i t i o n  of a  minute 
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amount of powdered dye, and the o the r ,  the  t e s t  s o l u t i o n ,  which has 

been used t o  e x t r a c t  a  b i t  of p l a n t  t i s s u e .  Three a l t e r n a t i v e s  r e s u l t  

from e x t r a c t i o n :  (1) t he  sucrose  s o l u t i o n  lo ses  water because i t  is  

hypotonic wi th  r e spec t  t o  t he  DPD of t h e  p l a n t  t i s s u e ;  (2)  t he  

s o l u t i o n  ga ins  water  because i t  i s  hypertocic.  with r e spec t  t o  t he  

DPD of t he  t i s s u e ;  o r  (3)  no c e t  exchange of water occurs  due t o  an 

i d e n t i t y  of DPD of the  t i s s u e  and OP of t he  sucrose s o l u t i o n .  A 

d i f f e r e n c e  i n  s p e c i f i c  g r a v i t y  i s  de tec ted  by observing the  d i r e c t i o n  

of movement of a  d r o p l e t  of t he  colored c o n t r o l  s o l u t i o n  c a r e f u l l y  

p i p e t t e d  i n t o  the  c o l o r l e s s  t e s t  s o l u t i o n  ( a f t e r  removal of t h e  

ex t r ac t ed  p l a n t  m a t e r i a l ) .  The f i r s t  a l t e r n a t i v e  would cause the  

d r o p l e t  t o  r i s e  because the  l o s s  of water  by the  s o l u t i o n  increased  

i t s  s p e c i f i c  g r a v i t y  i n  r e l a t i o n  t o  t h a t  of the  c o n t r o l  s o l u t i o n .  

A l t e rna t ive  No. 2  would cause the  d r o p l e t  t o  f a l l ,  whereas i n  

a l t e r n a t i v e  No. 3  t he  d r o p l e t  would no t  move up o r  down, bu t  r a t h e r  

d i f f u s e  outwards. I n  t h i s  t h i r d  case, t he  DPD of t h e  p l a n t  m a t e r i a l  

would equal  t h a t  of t he  sucrose  s o l u t i o n  showing no drop movement. 

I n  the  two o the r  a l t e r n a t i v e s ,  t h e  DPD of the  p l a n t  m a t e r i a l  i s  assumed 

t o  l i e  between the  OP va lues  represented  by sucrose  s o l u t i o n s  i n  

which the  drop r i s e s  and f a l l s .  Use of a  s e r i e s  of s o l u t i o n s  permits  

bracke t ing  the  unknown DPD. 

Accuracy check. Tes t s  of the  s p e c i f i c  g r a v i t y  method were made, 

and it then was used with f i e l d  a l f a l f a  and co t ton  p l a n t s  i n  t he  

f i e l d  and greenhouse. A p re l iminary  semi -quan t i t a t i ve  accuracy 

check was run .  Two s i m i l a r  c o t t o n  leaves were brought t o  100-percent 

r e l a t i v e  t u r g i d i t y  by the  s tandard  procedure ( f l o a t i n g  on water 

under weak l i g h t ) .  Then one l ea f  was brought t o  a  quas i -equi l ibr ium 

over a  s a t u r a t e d  CaSO s o l u t i o n  i n  a  room a t  25 t 1 C .  The 98-percent 
4 

r e l a t i v e  humidity p a r t i a l l y  dehydrated the  leaf  and i n  four  days 

i t s  weight had s t a b i l i z e d .  The Shardakov t e s t  f o r  DPD of t h i s  l ea f  

i nd ica t ed  >27.3 atm, compared t o  c 0 . 5  atm f o r  t h a t  a t  100 percent  

r e l a t i v e  t u r g i d i t y .  Two r e p e t i t i o n s  of t h e  t e s t  t ak ing  from 

2  t o  8  days and us ing  s a t u r a t e d  CaSO gave a  DPD of 27.3 - 30 atm, 
4 

i n  good agreement wi th  t h e  ca l cu la t ed  equi l ibr ium va lue .  Likewise, 
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t h e  o t h e r  value,  <0.5 atm i s  s u i t a b l y  low f o r  a  l ea f  a t  maximum 

t u r g i d i t y .  La te r  t e s t s ,  however, made use  of a  s e r i e s  of sugar  

s o l u t i o n s  having 3  atm a s  the  lowest OP l e v e l ,  f o r  reasons given 

by Kramer (1) r e c e n t l y .  

Sampling procedure.  No d i f f e r e n c e  i n  DPD was obtained by 

varying the  volume of e x t r a c t i n g  s o l u t i o n  from 2  t o  4  m l .  Three 

m i l l i l i t e r s  was chosen a s  a  convenient volume, Ex t r ac t ion  times 

of 112, 1, 2,  and 3  hours with 3  m l  of sucrose showed no d i f f e r e n c e s  

i n  DPD va lue .  One hour was s e l e c t e d  a s  t he  rou t ine  t ime.  A t  f i r s t ,  
2  

l e a f  d i sks  wi th  an a rea  of 4 .71  cm were used; l a t e r  those  wi th  an 
2  

a r ea  of 2.83 cm were decided on, s i n c e  t h a t  s i z e  adapted b e t t e r  t o  

t he  v i a l s  used i n  e x t r a c t i o n .  One d i s k  taken from each of s i x  

d i f f e r e n t  leaves  comprised a  u n i t  sample weighing from 0 .2  t o  0 .5  g .  

F ive  loca t ions  on a  s i n g l e  l e a f  gave a  t o t a l  of f i v e  6-disk samples. 

Thus, t h e r e  could be f i v e  OP va lues  t o  bracke t  t he  unknown DPD. The 

sampling l o c a t i o n  was t h e  t i p  of each of t h e  f i v e  lobes,  a s t r i d e  t h e  

ve in .  Occasional ly two more d i s k s  were taken f o r  t h e  c o r r e l a t i o n  of 

r e l a t i v e  t u r g i d i t y  wi th  DPD va lues .  

Adaptation of t he  s p e c i f i c  g r a v i t y  method f o r  DPD t o  OP de termina t ion .  

One of two s e r i e s  of 6-d isk  samples taken from 12 c o t t o n  leaves on the  

same p l an t  was t e s t e d  f o r  DPD d i r e c t l y ,  g iv ing  a  va lue  of 5  t o  7  atm. 

The o t h e r  s e r i e s  was f rozen  over dry i c e ,  thawed, and then t e s t e d  f o r  

DPD i n  the  s tandard  manner, I t s  DPD of 10 t o  12 atm shows t h a t  the  

c e l l  s o l u t e s  d i f f u s i n g  ou t  through t h e  k i l l e d  c e l l  membranes con- 

t r i b u t e d  t o  a  h igher  va lue  than  before .  This va lue  can be considered 

the  OP of t h e  c e l l .  A t  any time o the r  than dur ing  complete w i l t i n g  

(zero  turgor  p re s su re ) ,  t he  OP w i l l  be g r e a t e r  than t h e  DPD. Therefore,  

t he  experimental  va lue  obta ined  was q u a l i t a t i v e l y  c o r r e c t .  However, 

t h e r e  is a  p o s s i b i l i t y  t h a t  upon f r eez ing ,  t he  s o l u t e s  t h a t  d i f f u s e  

ou t  of t he  c e l l  and mix with t h e  sucrose might have the  same t o t a l  

osmotic p re s su re  a s  t h e  e x t r a c t i n g  sucrose  s o l u t i o n ,  b u t  a  d i f f e r e n t  

s p e c i f i c  g r a v i t y .  This  could cause the  t e s t  drop t o  move up o r  down 

when i t  a c t u a l l y  should not  have moved. Ca lcu la t ions  show t h a t  &it 

an OP of 11.1 atm ( a t  25C) the  s p e c i f i c  g r a v i t y  of sucrose  i s  1.0507, 
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whereas t h a t  of s e v e r a l  s a l t s  i s  a s  fol lows:  CaC12, 1.0148; 

NaC1, 1.0092; Na2S04, 1.0234; MgCl < 1.0146; and MgSO 1.0390. 
4' 

Since l ea f  t i s s u e  con ta ins  t he  above inorganic s o l u t e s ,  d e t e r -  

minat ion of OP by k i l l i n g  the  c e l l  membrane would be complicated according 

t o  the  above cons ide ra t ions ,  Therefore,  u se  of t he  Shardakov method 

f o r  OP de termina t ion  was abandoned, 

RESULTS : 

Diurnal  course  of DPD i n  c o t t o n  p l a n t s ,  On e i g h t  occasions 

the  DPD of c o t t o n  i n  t h e  f i e l d  was measured throughout t h e  day i n  an 

at tempt  t o  e s t a b l i s h  a d i u r n a l  rhythm. Zn genera l ,  t h e  f i e l d  was 

watered f r equen t ly  enough t h a t  DPD d id  n o t  b u i l d  up t o  very h igh  

va lues ,  even under t h e  extremely h igh  evapora t ive  demand c h a r a c t e r i s t i c  

of midsummer i n  c e n t r a l  Arizona. An example of one t e s t  fol lows:  

D PD Re la t ive  t u r g i d i t y  
Time P lan t  Symptoms (atm) - (pe rcen t )  

0600 t u r g i d  5 

0830 t u r g i d  8 

1100 s l  w i l t e d  < 10 

1330 s l  w i l t e d  15 - 17 

1610 s l  w i l t e d  8 - 12 

1800 some recovery 8 - 10 

The t e x t  occurred 3 October 1963, 18 days a f t e r  i r r i g a t i o n  when the  

s o i l  water conten t  i n  t he  zone ranging from 10 cm t o  140 cm below 

the  su r f ace  was 28 percent  by volume ( f i e l d  capac i ty ,  31  percent  by 

volume). Both r e l a t i v e  t u r g i d i t y  and DPD demonstrated the  negat ive  

water balance developed i n  t he  c o t t o n  leaves  dur ing  midday, a s  

con t r a s t ed  wi th  the  t u r g i d  condi t ions  a t  dawn and nea r  dusk. 
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SUMMARY AND CONCLUSIONS: 

With s u f f i c i e n t  allowance given t o  p l a n t  v a r i a b i l i t y  and the  

consequent d i f f i c u l t  sampling problem, the  Shardakov method i s  

adequate t o  g ive  a d i r e c t ,  f a s t  de te rmina t ion  of DPD, both i n  the  

f i e l d  and l abo ra to ry .  It i s  planned t o  u t i l i z e  the  method t o  measure 

the  DPD a t  both the  equi l ibr ium period before  w i l t i n g  and a t  peak 

w i l t i n g  of c o t t o n  p l a n t s  i n  a con t ro l l ed  environment. 
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Table I. Temperature control  l im i t s  and precision of control  i n  the Climate Chamber. 

Lowest Highest 
Lowest controlled control led 

Dry-bulb vapor Saturation vapor Saturation vapor Sa-turat ion 
Point temperature pressure d e f i c i t  pressure d e f i c i t  pressure d e f i c i t  

ent  igrade i l l i b a r s  

Set  
Pen 

Set 
Pen 

U3 
I 

," Set 
Pen 

Set  
Pen 

Set  
Pen 

Set  
Pen 

i f  l i b a r s  i l l i b a r s  

8.6 5 0.3 3.5 + 0.3 1 0 . 9 2 0 . 6  1 . 2 2 0 . 6  

7.9 + 0.1 15.5 + 0.1 18.0 5 0.3 5.4 0.3 

16.5 + 0 -25.9 + 0 23.7 - + 0.5 18.7 + 0.5 

22.2 + 0.2 33.4 f: 0.2 36.8 - + 1.0 18.8 _+ 1.0 

25.7 - + 0.6 47.3 5 0.6 40.8 + 2.3 32.2 2 2.3 

24.7 5 0.3 71.2 5 0.3 54.9 5 0.2 41.0 2 0.2 
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Figure  1. T r a n s p i r a t i o n  a s  a f f e c t e d  by l i g h t  and a change ii-, s a t u r a t i o n  d e f i c i t .  
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M I N U T E  5 
Figure  2. The d i f f e r e n c e  between water  abso rp t ion  and t r a n s p i r a t i o n  a s  a f f e c t e d  by l i g h t  and a  

change i n  s a t u r a t i o n  d e f i c i t .  
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F i g u r e  3 .  Cumulative w a t e r  b a l a n c e  a s  a f f e c t e d  by l i g h t  and a change i n  s a t u r a t i o n  d e f i c i t .  
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Figure 4. Time course of leaf thickness as determined by beta ray p a u g i n g  
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Figure  5 .  T r a n s p i r a t i o n  a s  a f f e c t e d  by l i g h t  and a  change i n  s a t u r a t i o n  d e f i c i t .  
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Figure 6. The difference between water absorption and transpiration as affected by fight and a 
change in saturation deficit. Annual Report of the U.S. Water Conservation Laboratory
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Figure  8.  Time course  of l e a f  t h i cknes s  a s  determFned by b e t a  ray gauging. 
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Figure  9 .  Continuous b e t a  ray gauge measurements of l e a f  t h i cknes s  a t  upper and lower l e v e l s  of a 
c o t t o n  p l a n t  a s  a f f e c t e d  by an increased  s a t u r a t i o n  d e f i c i t ,  fol lowed by sudden 
i l l u r n i n a t  i on .  
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F i g u r e  10. Cont inuous  b e t a  r a y  gauge mcasurcments of l e a f  t h i c k n e s s  a t  uppel- and lower levels of a 
c o t t o n  p l a n t  a s  a f f e c t e d  by an i n c r e a s e d  s a t u r a t i o n  d e f i c i t  2nd c o i n c i d e n t  sudden 
i l l u m i n a t i o n .  Annual Report of the U.S. Water Conservation Laboratory
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Figure  11. Contiinuous b e t a  ray  gauge measure~nents of l e a f  thici.iless a t  upper a n  lop>ier lcvcls oi a 
c o t t o n  p l a n t  a s  a f f e c t e d  by an isothe-i-inal I y  i nc reased  s a t u r a t i o n  clcfi c i t  , follo.i~:ecl by 
sudden i l l u m i n a t i o n .  Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  12 .  Cont inuous  b e t a  r a y  gauge measuremc:>ti; of l e a 1  t h i c k n e s s  a t  u p p e r  and lower l e v e l s  of a 
c o t t o n  p l a n t  a s  a f f e c t e d  by 2n i s o t h e r m a l l y  i l l c r e a s e d  s a t u r a t i o n  d e f i c i t  and c o i n c i d e n t  
sudden i l l u m i n a t i o n .  Annual Report of the U.S. Water Conservation Laboratory



TITLE: QUANTITATIVE MEASUREMENT OF WATER FLOW WITH CHEMICAL TRACERS 

LINE PROJECT: SWC 4-gG5 CODE NO,: Ariz.-WCL-30 

INTRODUCTION: 

Field equipment and techniques for quantitative measurement of 

dilute fluorescent tracer concentrations had been developed previously 

so that concentrations in the 10 to 100 parts per billion range could 

be measured with less than 1 percent error, (See Annual Report for 

1962. ) 

During March of 1963 the Bureau of Reclamation made isotope 

tracer measurements in two large Salt River Project canals. This 

offered an opportunity to evaluate the fluorescent tracer system for 

measuring quantitative flow in excess of 500 cfs in a channel having 

no mixing length restrictions, 

PROCEDURE : 

The first tracer measurements were made in the Arizona Canal 

about 1 mile east of Scottsdale. The isotope and fluorescent tracers 

were dropped near the center of the canal, 1 mile upstream from the 

sampling station, The isotope tracer flow measurements were determined 

using the "Total Count" method. Fluorescent tracer measurements were 

determined by the integrated sample method using continuous sampling 

from two different locations in the measurement cross section as 

described in "Annual Report of 1962." 

Flow measurements were also made in the South Canal below Granite 

Reef Dam. Isotope and fluorescent tracers were not coordinated in 

these measurements. The fluorescent tracers were dropped near the 

center of the canal, 1.2 and 2.9 miles upstream from the sampling station. 

Three drops were made at the 1.2 mile station and one drop made at the 

2.9 mile station, Two integrated samples, one near the canal bank and 

one near the canal center, were used in calculating the flow. 

RESULTS AND DISCUSSION: 

Attempts to coordinate the fluorescent tracer and isotope tracer 

measurements were not successful apparently because of operational 

problems with the isotope counting equipment. The only coordinated 

drop was found to have too short a mixing length for compzete mixing 
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so that direct comparison of the two tracer measuring methods was 

impossible. However, discharges during the measuring periodsfwere 

obtained with current meters and calibrated gates by personnel of 

the Salt River Project. A comparison of fluorescent tracer and Project 

flow measurements is presented in Table I. Their measurements did not 

include the seepage losses and unmeasured diversions occurring between 

their gaging stations and the tracer measuring stations. The accuracy 

of their measurements is also unknown. Accordingly, the comparison 

is presented as a matter of interest only and cannot be used to evalu- 

ate the accuracy of the fluorescent tracer method. 

The fluorescent tracer discharge measuring results are given in 

Table 2. Drop number 1 did not have sufficient mixing length as in- 

dicated by the deviation of + 3.2 percent between the two integrated 

samples. Drops 2, 3, and 4, made at the same location, indicate that 

the flow rate was decreasing during the measuring period. Drop 5 was 

made 1.7 mile further upstream and resulted in a 1.9 percent increase 

in calculated discharge. This increase is greater than the deviation 

at drops 2, 3, and 4 and could be explained by seepage loss, tracer 

adsorption, or both. 

An indication of the potential accuracy of the fluorescent tracer 

method may be obtained by comparing the deviation between integrated 

samples of the same drop. Maximum deviation from the average for the 

drop was -1- 1.0 percent. Part of this deviation may be due to non- 

uniform mixing of tracer in the canal flow. Future tests will be 

conducted with a minimum of four samples per drop to evaluate the 

influence of mixing on measurement accuracy. 

Adsorption of the Rhodamine B on the channel boundaries was 

suspected, based on adsorption tests made by filtering the dye through 

columns of fine sand. Another dye, Pontacyl Brilliant Pink B, 

exhibited about one-tenth the adsorption rate of Rhodamine B and 

should correspondingly reduce any errors due to adsorption on the canal 

bed. 

The equipment and techniques developed in 1962 performed petfectly 

under the actual field conditions of this test. Accurate measurements 
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of dye concent ra t ions  i n  cana l  water samples were made without  d i f -  

f i c u l t y .  The presen.t system i s  q u i t e  adequate  f o r  eva lua t ing  and 

so lv ing  problems r e s u l t i n g  from nonuniform mixing and dye adsorp t ion .  

Only one s e r i o u s  problem remains and t h a t  i s  t h e  v e r i f i c a t i o n  of 

f l uo rescen t  t r a c e r  measurement accuracy wi th  a n  a l t e r n a t e  method of 

measurement. The problem a r i s e s  from t h e  f a c t  t h a t  t h e  t r a c e r  method 

i s  p o t e n t i a l l y  capable of performing a t  t h e  1 percent  e r r o r  l e v e l  

whi le  p r e s e n t l y  used r a t e d  s t r u c t u r e s  and cu r ren t  meter measurements 

may be i n  e r r o r  by 5 t o  10 percent .  Means of so lv ing  t h i s  v e r i f i c a t i o n  

problem a r e  c u r r e n t l y  under s tudy.  

SUMMARY AND CONCLUSIONS: 

Equipment and techniques developed f o r  measuring f low r a t e s  w i th  

f l uo rescen t  dyes were t e s t e d  on two d i f f e r e n t  1,000 c f s  S a l t  River 

P r o j e c t  cana l s  dur ing  March 1963. The system and methods worked very  

we l l  under t h e s e  a c t u a l  f i e l d  condi t ions .  Accurate measurement of dye 

concent ra t ions  of 16 t o  26 p a r t s  per  b i l l i o n  i n  t h e  cana l  water samples 

were made without  d i f f i c u l t y .  Problems were encountered i n  v e r i f y i n g  

t r a c e r  flow measurements wi th  o the r  independent measurements. Complete 

mixing of dye wi th  t h e  cana l  flow did not  occur i n  a reach of 1 mi le .  

Separa te  samples taken from t h e  center  and s i d e  of t h e  cana l  showed 

t h a t  good mixing d i d  occur i n  a reach  of 1.2 mi les .  Comparison of 

t r a c e r  measurements wi th  flow r a t e s  repor ted  by t h e  P r o j e c t  showed 

d i f f e r e n c e s  a s  h igh  a s  8 percent .  P a r t  o r  a l l  of t h i s  d i f f e r e n c e  could 

be accounted f o r  by channel l o s s e s  between t h e  two p o i n t s  of measure- 

ment, dye adso rp t ion  by t h e  cana l  bed, and changes i n  f low r a t e  which 

occurred during t h e  measurement per iod.  P o t e n t i a l  accuracy of t h e  

t r a c e r  method i s  i nd ica t ed  by a maximum d e v i a t i o n  of 1.0 percent  between 

pa i r ed  samples taken f o r  each of t h r e e  s e p a r a t e  dye a p p l i c a t i o n s  made 

a t  t h e  same measurement l oca t ion .  The present  system proved t h a t  i t  

i s  adequate  f o r  eva lua t ing  and so lv ing  problems r e s u l t i n g  from non- 

uniform mixing and dye adsorp t ion .  V e r i f i c a t i o n  of t r a c e r  measurement 

accuracy remains t h e  only  s e r i o u s  problem under s tudy.  The t r a c e r  

method i s  p o t e n t i a l l y  capable of measurement a t  t he  1 percent  e r r o r  
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l e v e l  and o ther  measurement methods capable of t h i s  accuracy a r e  not  

r e a d i l y  avai lable .  

PERSONNEL: L. E.  Myers, K. J. Brust,  J. A. Replogle 
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Table 1. Fluorescent tracer and Salt River Project discha~ge comparison. 

Drop Discharge measured by Discharge 
Canal No. Salt River Fluorescent tracer deviation 

Ariz. 1 67 5 6 18 -8.4 

South 2 945 1026 e.6 

South 3 945 102 2 4.1 

South 4 945 992 +5.0 

South 5 945 1032 +9.2 

Table 2. Fluorescent tracer discharge measurements in two large canals. 

W 
Drop Mixing Tracer Integrated Sampling Calculated Average 

Canal No. length added sample 11 time discharge discharge Deviation 
Cn 

miles grams P P ~  min cfs cfs % 
Ariz, 1 1.0 940.8 24,8 35.00 638 618 3.2 

26.4 599 

South 2 1.2 470.4 15.9 17.07 1020 1026 0.6 
15.7 1033 

South 3 1.2 470.4 15.8 17.15 1022 1022 0.0 
15.8 1022 

South 4 1.2 470.4 16.0 17.30 1001 992 1.0 
16.3 982 

South 5 2.9 1411.2 26.4 30.65 1026 1032 0.8 
26.1 1038 

1/ First sample fro= center of canal and second sample 5 feet from canal bank. - 
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TITLE: WATER VAPOR DIFFUSION IN SOILS 

LINE PROJECT: SWC 4-gG4 CODE NO.: Ariz.-WCL-31 

INTRODUCTION : 

Theories proposed to describe water losses from soils by surface 

evaporation have, for the most part, been based on the assumption that 

water movement is predominantly in the liquid phase. This assumption 

is probably valid for the early and intermediate stages of drying, but 

when the first few centimeters of the soil surface become dry, vapor 

diffusion plays a more prominent role. Ln the intermediate water content 

regions, vapor diffusion and liquid flow occur simultan.eously. It is 

very difficult to assessthe relative roles of the two different 

mechanisms of flow. In the relatively dry water content regions, vapor 

diffusion should be the predominant me.chanism. At these water contents 

liquid flow is either very low or nonexistent. 

Actually water movement in relatively dry soils is not a simple 

vapor diffusion process. The diffusion of vapor is coupled with the 

exchange of water between liquid and vapor phases (evaporation and 

condensation), and the adsorption of water molecules on solid surfaces, 

Liquid flow, if it occurs, is by diffusion and perhaps some viscous 

flow. The mathematical description of water flow at these relatively 

low water contents must account for the diffusion of water vapor, the 

exchange of water between liquid and vapor phases, and liquid diffusion. 

The mathematical development will be given below under the subheading 

Theoretical Considerations. 

The measurement of water vapor diffusion coefficients can be 

made in three ways - the transient method, steady-state method, and 
calculated from adsorption isotherms. In each of the three cases 

diffusion coefficients may be different for the wetting phase and for 

the drying phase. A difference between diffusion c.oefficients measured 

during wetting and during drying is expected because of the well-known 

hysteresis of the adsorption isotherms. As will be shown in the 

mathematical development, the water vapor diffusion coefficients are 

closely related to the slopes of the adsorption isotherms, Diffusion 

coefficients measured by transient or steady-scate methods will include 
1 
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flow in both the vapor and liquid phases. Diffusion coefficients 

calculated from adsorption isotherms are, theoretically, based solely 

upon vapor diffusion. Therefore, a comparison of diffusion coefficients 

measured by transient and steady-state methods and those calculated 

from adsorption isotherms may yield qualitative information about the 

water content at which liquid flow becomes noticeable, 

If blind or dead-end pores are present in the system, a difference 

between steady and transient states of flow may occur, Dead-end pores 

would serve as sources or sinks during transient flow, but would not 

appreciably influence the steady-state flux through the medium, Thus, 

if appreciable numbers of dead-end pores are present in the medium, 

they should manifest themselves by causing a difference between steady 

and transient diffusion coefficients, 

From the foregoing discussion it is evident that it is necessary 

to study water vapor diffusion in transient and steady-state cases, 

measure adsorption isotherms for the same soil materials, and cal- 

culate the diffusion coefficients from those isotherms in order to 

evaluate the various factors involved in water flow at these low 

water contents. 

Theoretical considerations, 

Symbols, 
2 -1 Dv = vapor diffusion coefficient, cm sec 

2 D8 = liquid water diffusion coefficient, cm sec - 1 
2 -1 = combined liquid and vapor diffusion coefficient, cm sec 

-2 -1 
4v = vapor flux density, g cm sec 

-2 = liquid flux density, g cm sec - 1 e -2 -1 
qgv = combined liquid and vapor flux density, g cm sec 

-3 -1 S = source function, g cm sec 

t = time, sec 

x = distance, cm 
3 -3 

E = air filled porosity, cm cm 

8 = volumetric water content, g cm - 3 
X = xt is the Boltzmann transformation cm sec -1/2 

p = vapor density, g cm - 3 
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The isothermal steady state diffusion of water vapor can be 

described by the equation 

where D is a concentration dependent diffusion coefficient which 
v 

includes factors such as porosity, tortuosity, mass flow factor, and 

the coefficient of water vapor diffusion in air. For convenience, all 

equations will be written in one dimension and the effect of gravity 

will be assumed negligible. 

Using the relation 

equation [ 11 becomes 

where 

For liquid diffusion we have 

Summing [ 31 and [ 4 ] ,  

Water transfer at steady state is described by equation [s]. 
Equation [6] shows that it may be possible to partiti~n liquid and 

vapor flux by measuring D calculating D %/dB and obtaining De 
Bv' v 

by difference, 

For transient conditions we employ Ghe continuity condition and 

equation [I] to obtain 
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Equation [ 7 ]  holds only for nonadsorbing media. Water in a soil 

system is continuously evaporating and condensing and, in a transient 

system, the liquid water content, in addition to the vapor concentratl~n, 

changes with time and distance, To account for this we add a source 

term to [ 7 ]  

1 ae where S = - - - 
E ato 

We can now write, assuming E to be constant, 

-5 Since the vapor density p is less than 2.5 X 10 g cmm3 at 
3 27 C and is a decreasing function of 8, 8 exceeds p by 10 or more, 

and hence E %/at can be considered negligible compared to b8/at, 

except perhaps in exceedingly dry systems where 8 is on the order of 

O.OOO~ g cm"3. 

If we therefore assume that &/at >>&p /at and using [2] in 

[9] we obtain 

an equation which describes vapor diffusion and associated evaporation 

and condensation, expressed in terms of liquid water content. An 

analogous equation for liquid diffusion is 

which we can sum with [lo] to obtain 

, where D is given by [6] I 8v 
Equation [5] and [lZf' are the pertinent equations for use with 

steady- and transient-state diffusion experiments, respectively, For 

the steady state qgv and &/ax are evaluated experimentally. For the 

transient case [I21 can be solved by assuming the Boltzmann trans- 

formation (h  = xt m1/2) and using the boundary conditions 
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to give 

from which Dgv is evaluated by graphical integration and differentiation 

of the transient water content distribution curve, 

Equations[13] and [14] are valid for both sorption and desorption 

if the definition Bs > 8. is made for sorption and 8 > 8 for de- 
1 i s 

sorption. 

In the second order equations ([9] through [ 141) the water content 

8 can refer either to a weight or volume basis since the conversion 

factor (bulk density) cancels. For the first order equations, 

specifically [ 5 ]  , 8 must refer to a volume basis to make the diffusion 
coefficients dimensionally consistent. 

Discussion section will be on a weight 

basis, 

PROCEDURE: 

Transient-state experiments. The 

Some graphs in the 

basis and some on a 

soil materials used 

Results and 

volume 

were Adelanto 

loam, Pachappa loam, and Pine silty clay. The particle size data for 

these soil materials are given on page 221 of the 1962 Annual Report. 

The air dry soil mathrials were passed through a 2-mm sieve and packed 

into columns with a mechanized soil column packer, The columns were 

constructed from 3,2cm i.d, acrylic plastic cylinders cut into 1-cm 

sections. To obtain water contents less than air dry, yet maintain the 

same bulk densities,,colurnns were placed into a chamber containing a 

desiccant and evacuated. To obtain water contents greater than air 

dry, the columns were placed into a chamber containing beakers of saturated 

K SO solution and evacuated, The columns were weighed periodically to 2 4 
determine when equilibrium was obtained. Under evacuation, equilibrium 

was obtained in one to two weeks for the drying and two to three weeks 

for the wetting, 
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Since the columns were constructed of sections held together by 

three strips of 112-inch masking tape, gaseous interchange between 

soil material and the external atmosphere could take place between the 

sections. This pathway for interchange facilitated the wetting or 

drying under vacuum, but posed a problem of comp1ete;y sealing all of 

the column except one end prior to placing it into the diffusion 

chamber. For the sorption experiments the columns were sealed by 

encapsulating them in a pliable vacuum sealing wax. For the desorption 

experiments it was necessary to encapsulate the columns with mercury. 

The mercury encapsulation was accomplished by inserting the 

column, previously equilibrated over a saturated K SO solution 
2 4 

(yielding water content in equilibrium with 0.97 relative pressure) 

into an acrylic plastic cylinder open on one end having an i.d. about 

6 mm greater than the o,d. of the plastic sections of the column. 

An O-ring was placed on the end of the column which protruded about 

0.5 cm from the end of the cylinder. The O-ring was held tightly to 

the cylinder by a bracket, forming a seal. The space between the 

column and the outer cylinder was filled with mercury to prevent 

water vapor from diffusing to the sides of the soil column, 

The diffusion chamber for the transient experiments is illus- 

trated by Figure 1, The chamber was an acrylic plastic container in 

which the water vapor density was controlled by saturated salt solutions. 

A small pump was used to bubble air through a saturated salt solution 

in a flask and then through the diffusion chamber. For the desorption 

experiments, the flask and the diffusing chamber were filled with 

a desiccant in place of the saturated salt solutions used for the 

sorption experiments. The apparatus, with the exception of the pump, 

was placed in an insulated box. The system was located in a room in 

which the temperature was controlled to 27 2 1 6 .  The temperature 

within the box was monitored and found to vary less than 0.1 C during 

the 24-hour period, To initiate a diffusion run a column, sealed 

everywhere except at one end, was placed in the diffusion chamber and 

the time noted, After a predetermined number of days, the column was 

removed from the chamber; the sealing compound or the mercury removed; 
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the column sectioned into l-cm sections; and the soil material placed 

into weighing cans. This operatlon required 3 to 5 mimtes. The 

water contents were determined gravimetrically after drying at 110 C 

for 24 hours. Plots of water content versus distance from the source 

were made from which the diffusivity function in equation [14] was 

calculated. 

There are several critical assumptions in thls experimental 

procedure, They are: 1, The water contenc at the plane x = 0 is 

maintained at the constant value 8 for all t > 0. 2. Plow is in 
S 

one dimension, i,e., no movement of vapor takes place through the 

sides of the column and the sealing compound, 3. The temperature 

of the medium is constant. 

Steady-state experiments. For the steady-state experiments the 

soil materials were prepared in identical manner as enumerated above 

for the transient experiments. That is, with the exception that only 

two of the soil materials, Adelanto loam and Pachappa loam, were used. 

One 10-cm and one 15-cm column of each soil material were used for 

the steady-state measurements, A wire screen at each end held the 

soil in place. Columns to be used for sorption measurements were 

dried over a saturated LiCl solution in a vacuum desiccator. Columns 

to be used for desorption measurements were wetted over a saturated 

K SO solution in a vacuum desiccator. The steady-state diffusion 
2 4 
cell, illustrated by.Figure 2, consisted of two brass cylinders 6.4 

cm in diameter and 10 cm high with a 3.2-cm diameter hole cut into a 

side, To receive the soil columns, one cylinder was placed at each end 

of the column so that the column provided a diffusion path from one 

brass cylinder to the other. The entire column ana the junction- 

between the column and the brass cylinders were covered with a vacuum 

sealing wax to minimize the vapor losses, In each brass cylinder a 

50-mm beaker containing a saturated salt solution was placed. One 

solution was K SO (0.97 relative pressure); the other was LiCl (0.11 
2 4 ,  

relative pressure). ,In all cases salt crystals were present in the 

beakers, insuring the saturated solution. A hole of sufficient diameter 

to accomodate a 00 rubber stopper was drilled in the top of each 
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cylinder cap. A brass rod was forced through the rubber stopper and 

down to a wire handle on a beaker. This arrangement enabled a dif- 

fusion cell to be set inside an analytical balance; the rubber stopper, 

and hence the beaker, raised; and the brass rod hooked onto the 

weighing pan, The beakers could'be weighed accurately with very little 

water loss to the atmosphere since on ly  a small opening to the sur- 

rounding room was exposed for about: 30 seconds. The diffusion cells 

were kept in an insulated box in a concrolled temperature room. 

The temperature in the box was 27 -1- 0.1. C ,  

Diffusion was allowed to proeae sntil the rate of water loss 

from the K2S04 solution equalled the rare of gain of the LiCl solution. 

This provided the direct measure of the flux q. After steady state 

had been achieved, the diffusion cell was disassembled and the columns 

were sectioned into 1-cm sections and the water content determined 

by weighing after drying at 110 C for 24 hours. Plots of volumetric 

water content versus distance were made from which the slope was 

determined at particular water contents for calculation of the dif- 

fusion coefficient using equation [5] .  The averages of the dif- 

fusivities obtained from the l@icm and the 15-cm columns, at a given 

water content, are reported in the Results and Discussion. 

Adsorption isotherms. Adsorption isotherms were determined on 

the two soil materials by placing approximately 5 grams of air dry 

soil into weighing bottles. Three replications of each soil material 

were used for adsorption; and three replications of each for de- 

sorption. The beakers were placed in vacuum desiccators containing 

a saturated salt solution, evacuated, and let stand for a period 

of 2 to 5 days. A magnetic stirrer beneath each desiccator was 
i energized for 30 seconds every 5,minutes to stir the salt solu,tion. 

Periodic stirring was used to minimize temperature fluctuations, 

The bottles were weighed daily until two consecutive readings indicated 

that equilibrium was essentially obtained, At the conclusion of the 

measurements, the samples were dried in an oven at 110 C for 24 hours 

and the oven dry weight used as a basis for determination of water 
I contents at all relative pressures, Plots were made of water content 
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versus relative pressure from which the slopes of the lines were taken 

for the calculation of diffusion coefficients. Since the bulk density 

of the soil in the weighing bottles was unknown, the relative vapor 

pressure was plotted versus gravimetric water content. The bulk 
- 3 

densities of the packed columns (1.42 g cm and 1.40 g cm-3 for 

Adelanto and Pachappa, respectively) were used to convert to the 

volumetric basis for the calculation of diffusion coefficients. This 

calculation assumes that the bulk density differences would have a 

negligible effect on the adsorption isotherms. 

RESULTS AND DISCUSSION: 

Transient-state experiments, For a particular set of initial and 

boundary conditions a test of the applicability of diffusion theory 

can be made by subjecting replicate soil columns to different dif- 

fusion time periods and plotting the resulting water contents as a 

function of xt . If the plots of the data from different time 

periods are identical, the assumptions made in the theory may be 

considered valid for these conditions and the theory applicable, 

A more conclusive test can be made by comparing diffusivities calculated 

from 8 versus xt data for different boundary and initial conditions. 

If the diffusivities are identical for the different conditions, the 

theory will describe the experimental results. 

Plots of 8 versus xt "I2 for Adelanto loam are shown in Figure 3. 

Three sets of data are shown, each set corresponding to different 

initial and boundary conditions, Each set consists of data from two 

columns; each column was subjected to a different diffusion time period, 

The time periods are shown in the figure. The plots of 8 versus 

xt -'I2 for Pachappa loam and Pine silty clay are shown in Figure" 4. One 

set of initial and boundary conditions is shown for each soil material, 

Desorption water content distribution curves for Adelanto loam 

are shown in Figure 5. Curves for two sets of initial conditions are 

shown, Desoprtion water content distribution curves for Pine silty 

clay and Pachappa loam are shown in Figure 6. In all cases, each set 

consists of data from two columns; each column was subjected to a dif- 

ferent diffusion time period, The diffusion times for each column are 
$ 

shown in the figures. 
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The agreement between the 0 versus xt plots of data from 

columns subjected to different time periods at several different 

initial and boundary conditions for both sorption and desorption 

meets the criteria set forth earlier for determining the applicability 

of diffusion theory. Additional, more conclusive, evidence of the 

applicability of diffusion theory is shown in Figures 7 and 8. In 

Figure 7 the sorption diffusion coefficients for Adelanto loam measured 

for three sets of initial and boundary conditions are shown. The data 

for the three sets of conditions overlap and are in good agreement. 

Figure 8 shows desorption diffusivity data with the sorption diffusiv- 

ities shown as a broken line. The data for two sets of initial 

conditions for desorption of Adelanto agai~ overlap and are in good 

agreement. 

In Figure 8 the desorption diffusivity curve, in contrast to 

sorption, reaches a maximum gradually; is smaller in magnitude; and 

occurs at a higher water content. The dependence of diffusivity on 

water content is much less for desorption than for sorption over the 

same water content range, a fact that can be qualitatively ascertained 

from the water content distribution curves, 

Figures 9 and LO show sorption and desorption diffusion coef- 

ficients for Pachappa loam and Pine silty clay, respectively. In all 

cases the symbols are the averages of two measurements. With in- 

creasing water content the sorption diffusivities increase to a 

maximum and then decrease. For desorption, the diffusion coefficient 

water content curve has the same general shape, but the maximum is 

of lesser magnitude and the overall dependence of the diffusivities 

on water content is considerably less for desorption than for sorption. 

In a field soil with a dry surface layer water loss through the 

dry layer is largely by vapor diffusion. The water content of the 

layer fluctuates diurnally, alternately drying during the day and 

wetting at night, At a given time a portion of the layer may be drying 

while another portion may be wetting. Because of the difference 

between sorption and desorption diffusivities, the diffusivity water 

content relation applicable in this situation could only be expressed 
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as a range of diffusivities. For Adelanto and Pine, the two soil 

materials whose desorption diffusivities exhibit a relatively small - 5 
change of water content, a range in diffusivities of 2 to 4 x 10 

2 - 1 cm sec would include both sorption and desorption diffusivities, 
-5 2 - 1 and an assumed constant diffusivity of 3 x 10 cm sec would be 

sufficient for some applications. For Pachappa the sorption and 

desorption diffusivities differ by about a factor of 2, but the 

dependence upon water content is much more pronounced and the use of 

a constant diffusion coefficient in attempts to describe the diurnally 

fluctuating system could cause serious erocrs. 

Steady-state experiments. The steady-stare water content dis- 

tribution curves for Adelanto h m  and Pachappa loam are shown in 

Figure 11. The data are for the 15-cm columns. For Adelanto loam 

the distribution curve for sorption is definitely nonlinear, whereas 

for desorption a linear relation obtains. Therefore, the sorption 

diffusivities are concentration dependent, whereas the desorption 

diffusivities are constant over this range of water contents. The 

data for Pachappa show that both sorption and desorption water content 

distribution curves are nonlinear. This indicates that both sorption 

and desorption diffusivities are concentration dependent for this soil 

material. 

Adsorption isotherms for Adelanto loam and Pachappa loam are 

shown in Figure 12. The sorption and desorption branches are indicated 

by arrows. A marked hysteresis loop is evident for both soil materials. 

The slope of the lines were obtained at several water contents for 

each soil material and for desorption aad sorption branches of each. 

The slopes, multiplied by D and divided by the bulk density, yielded 
v 

theoretical values for water vapor diffusion coefficients. The values 

of D were calculated from the relation D = Da a ( ~  - 8) where 
v 2 v - 1 

Da = 0.261 cm sec is the coefficient for water vapor diffusion in 

air at 27 C; a = 0.66 is the tortuosity; E is the total porosity: and 

8 the volumetric water content. The term (E - 8 )  was different for 

each soil material and each water content. The values for the dif- 

fusion coefficients obtained in' this manner are indicated by the tri- 

angular symbols in Figures 13 through 16. 
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The calculation of diffusion coefficients by the three methods 

used in these studies requires the graphical measurement of slopes 

at water content distributions and adsorption isotherms. The trans- 

ient water content distributions were better defined with more data 

points than were the steady-state measurements and adsorption 

isotherms, allowing more precise slope measurements for the former, 

The measurement precision is in the order transient > steady state > 
calculation from adsorption isotherms. The transient diffusion 

coefficients will therefore be considered as a basis for comparison 

of the coefficients obtained from steady-state measurenents and 

adsorption isotherms. The transiext coefficients are indicated by 

dashed lines in Figures 13 through 16. Diffusion coefficients for 

Adelanto loam are shown in Figure 13 for sorption and in Figure 14 

for desorption. For Pachappa loam, diffusion coefficients are given 

in Figure 15 for sorption and in Figure 16 for desorption. The 

steady-state sorption diffusivites for both Adelanto (Figure 13) 

and Pachappa (Figure 15) shown by circular symbols, fall on or close 

to the transient curve, The agreement Getween the steady and 

transient data confirm the maximum in the diffusivity water content 

function for sorption. 

The steady-state desorption diffusivities for Adelanto (Figure 

14) are shown by a solid straight line. No data points are shown 

because only one value of diffusivity was obtained from the linear 

water content distribution curve (Figure 11). Neither the steady- 

state nor the transient desorption curves exhibit the large diffusivity 

changes with water content that sorption diffusivity curves do. The 

desorption diffusivities for Pachappa (Figure 61, however, show marked 

diffusivity changes with water content as do the sorption curves. 

The close agreement between steady and transient diffusivities 

for sorption and desorption for both soil materials indicates that 

the volume of dead-end pores in these materials is too small to cause 

measurable difference between steady and transient flow of water vapor. 

This may not be true at higher water contents, because the relationship 
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between air- and liquid-filled pores increases in complexity as the 

water content increases. 

The least precise of the three measurements, the diffusivities 

calculated from adsorption isotherms, yield values remarkably close 

to the steady and transient diffusivities. For Adelanto desorption 

(Figure 14) the adsorption isotherm diffusivities exhibit a maximum 

at about the same water content as the sorption diffusivity maximum 

with the overall shape of the curve different than the steady and 

transient curves. If the difference between sorption and desorption 

diffusivities could be explained on the basis of hysteresis of the 

adsorption isotherms, the adsorption isotherm diffusivities should 

be the same as the steady and transient values for both sorption and 

desorption, For Pachappa the adsorption isotherm diffusivities are 

somewhat higher than the steady and transient values, but in general, 

have the same shape. Thus, for Pachappa, the difference between 

sorption and desorption diffusivities can largely be explained on 

the basis of hysteresis of adsorption isotherms. It appears that, 

for the finer textured Adelanto, the rate of movement of water molecules 

between and among the clay platelets is different for sorption and 

desorption, causing a hysteresis effect in addition to the difference 

in the amount of water retained at a particular relative pressure 

(as measured by adsorption isotherms). 

Adsorption isotherm.~diffusivities are, theoretically, based 

only on vapor flow, whereas the measured steady and transient dif- 

fusivities include both vapor and liquid diffusion. The contribution 

of the liquid diffusion would cause the diffusion coefficient to be 

larger than that which would occur if vapor diffusion were the only 

mechanism. We can, therefore, hypothesize that the water content at 

which adsorption isotherm diffusivities fall below the steady and 

transient diffusivities is the water content at which liquid flow 

begins, For Adelanto sorption (Figure 13) this point occurs at about 

0.72 relative pressure and for desorption (Figure 14) at about 0,50. 

At water contents of about 0.07 to 0.08 the vapor and liquid dif- 

fusivities for Adelanto were of about the same magnitude. At higher 
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water contents the vapor flow can be expected to decrease and liquid 

flow to increase. 

For Pachappa, the water content at which the diffusivities curves 

cross is not well defined. It appears that this point occurs at about 

0.90 and 0.80 relative pressure for sorption and desorption, respectively. 

At these water contents, the magnitude of liquid flow apparently is 

greater for desorption than for sorption. 

SUMMARY AND CONCLUSLONS: 

Water transfer in relatively dry soils consists of three 

mechanisms: diffusion of water vapx in the air-filled pores, con- 

tinuous exchange of water molecules between the liquid and vapor phases, 

and diffusion in the liquid phase. The three combined mechanisms can 

be described by diffusion equations with concentration dependent dif- 

fusion coefficients. 

Diffusion coefficients were obtained by three methods: transient- 

state, steady-state, and calculated from slopes of adsorption isotherms. 

All measurements were made at a controlled temperature of 27 C. For 

the three methods, diffusion coefficients were obtained for both 

wetting and drying. Comparison of data obtained from the various 

methods lead to the following observations and conclusions. 

1, Diffusion theory (in particular, the use of the Boltzmann 

transformation for solving the nonlinear diffusion equation) is valid 

for both sorption and desorption of water by soil at relatively low 

water contents. 

2 .  With increasing water content the diffusion coefficients 

increase to a maximum and then decrease. For wetting, the maximum 

occurs at about the water content where one molecular layer is formed, 

For desorption, the maximum diffusivity is smaller in magnitude, 

occurs at a higher water content, and is approached more gradually 

than for sorption. 

3. Diffusion coefficients measured at steady and transient 

states compare remarkably well, Agreement of data from the two com- 

pletely different methods further confirms the validity of diffusion 

theory and the use of the Boltzmann transformation for these systems. 
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The agreement between the two methods indicates that the volume of 

"blind" or "dead-end" pores is negligibly small for these soil 

systems. 

4. Diffusion coefficients calculated from adsorption isotherms 

compare favorably with transient and steady-state values except at 

the higher water contents. Since the coefficients from adsorption 

isotherms are, theoretically, based solely on vapor diffusion, the 

fact that these coefficients fall below those measured by steady and 

transient methods at higher water contents is taken as an indication 

that liquid flow becomes noticeable at these water contents. In 

particular, for Adelanto sorption, liquid diffusion may begin at a 

volumetric water content of 6 percent, for Pachappa at about 3 percent. 

PERSONNEL: R. D. Jackson 
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Figure 1, Transient-state water vapor diffusion apparatus, 
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Saturated 

Soil Column 

Figure 2. Steady-state water vapor diffusion apparatus. 
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US. Wafer Conserva fion L abora f ory, 
Tempe, Arizona 

j-92 fcm min - ? 
Figure 3. Sorption water content distributions for Adelanto loam at three sets of boundary 

and initial conditions. . 
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U. S. Water Comer vation L abora fury, 
Tempe, Arliona 

A f = 7205 min 

A P =  /2963 m i .  

F i g u r e  4. S o r p t i o n  water  con ten t  d i s t r i b u t i o n s  f o r  P ine  s i l t y  c l a y  and Pachappa loam. . 
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US. Wafer Conserva fion L oboro fory, 
Tempe, Arizona 

Figure 5. Desorption water content distributions for Adelanto loam. 
-. 
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U.S. Wafer Conservotion L oboro fory, 
Tempe, Arizono 
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F i g u r e  6. Desorpt ion water  con ten t  d i s t r i b u t i o n s  f o r  P ine  s i l t y  c l a y  and 

1 Pachappa loam. 
i . 
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F i g u r e  7 ,  So rp t ion  d i f f u s i o n  c o e f f i c i e n t s  f o r  Adelanto loam a t  

t h r e e  s e t s  of boundary and i n i t i a l  condi t ions .  
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U. S. P Gonsc)rvaJ/bn L aburatory, 
Tempe, A rizono 

5 2 - 
D,, x /O fcm sec 

Grcr vime fric fer Content 

Figure 8. Diffusion coefficients for Adelanto loam, 
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F i g u r e  9. Sorpt ion  and desorpt ion  c o e f f i c i e n t s  f o r  Pachappa loam. 
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U, S. Via ter Conservation La;boralory, 
Tempe, A rkom 

Figu re  10. So rp t ion  and deso rp t ion  c o e f f i c i e n t s  f o r  P ine  s i l t y  c l ay .  
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Jer Conservation Luboratory, 

Figureil. Steady-state water conten'i distribution curves for Adelanro 

loam and Pachappa loam. 
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Figure12 .Adsorp t ion  isotherms f o r  Adelanto loam and Pachappa loam, 
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lsr  Conser volion Laboratory, 
Tempe, Arizona 

Figurel3. Sorption diffusion coefficients obtained by three methods 

for Adelanto loam. 
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Figure l4 .  Desorpeion d i f f u s i o n  c o e f f i c i e n t s  ob ta ined  by t h r e e  methods 

f o r  Adelanto loam. 

31-29 
Annual Report of the U.S. Water Conservation Laboratory



F i g u r e l 5 , , S o r p t i o n  d i f f u s i o n  c o e f f i c i e n t s  ob ta ined  by t h r e e  methods 

f o r  Pachappa loam. 
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t s r  Conservation Laborutory, 
Temps, A rizonu 

Pigure16.  - ,  Desorpt ion d i f f u s i o n  c o e f f i c i e n t s  ob ta ined  by t h r e e  methods 

f o r  Pachappa loam. 
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PART 1. EVAPORATION AND ENERGY BALANCE OF ALFALFA. 

INTRODUCTION: 

In  l a t e  1962 a l f a l f a  was p lan ted  i n  t h e  lys imeter  f i e l d .  This  

cover was maintained t o  da t e .  The purpose of t h e  i n v e s t i g a t i o n s  c a r r i e d  

out  wi th  t h i s  cover was, i n  t h e  main, t h ree fo ld :  (I) To o b t a i n  accu ra t e  

d a t a  on t h e  long-time and shor t - t ime consumptive u s e  of a l f a l f a  a t  d i f -  

f e r e n t  condi t ions ,  (2) t o  sys t ema t i ca l ly  c o l l e c t  information on t h e  

r e l a t i o n s h i p  between gross  meteoro logica l  vax iab le s  and t h e  consumptive 

u s e  of t h e  a l f a l f a ,  (3) t o  u se  t h e  a l f a l f a  cover a s  a d e t a i l e d  s tudy 

o b j e c t  f o r  micrometeorological  i n v e s t i g a t i o n s .  Whereas t h e  f i r s t  two 

o b j e c t i v e s  were con t inua l ly  pursued throughout t h e  year ,  t h e  t h i r d  one, 

because of t h e  complexity of t h e  measurement equipment and t h e  neces- 

s i t y  f o r  having nea r - idea l  condi t ions ,  was l imi t ed  t o  a s e r i e s  of 1-, 

2-, o r  3-day experiments c a r r i e d  out  throughout t h e  year .  These 

experiments,  coded wi th  t h e  name Alfalfa-63,  were 14 i n  t o t a l  and took 

p l ace  on 28, 24-hour per iods .  They a r e  repor ted  i n  g r e a t e r  d e t a i l  i n  

WCL-17 and, where an eva lua t ion  was made of t he  combination method f o r  

e s t ima t ing  evaporat ion,  i n  P a r t  3 of t he  present  experimental  o u t l i n e  

r e p o r t .  

The purpose of t h e  p re sen t  s e c t i o n  i s  t o  g ive  genera l  information 

on the  management of t h e  crop and on the  methods of measurement used 

t o  o b t a i n  a cont inuous energy balance.  Fur ther ,  t h e  r e p o r t  gives a 

condensation of t he  d a t a  obta ined  from continuous observa t ion  of t h e  

f i e l d  dur ing  1963. 

General Management. A l f a l f a  was p lan ted  on 12 October 1962 and 

t h e  f i e l d  i r r i g a t e d  on 12  October. An e x c e l l e n t  s t and  was obtained 

and by January 1963 t h e  crop had a he ight  of about 25 cm. Heavy f r o s t  

occurred on 12, 13, and 14 January whereby t h e  crop was damaged-and 

reduced t o  a he igh t  of about LO cm cont inuing  through the  remainder of 

January,  Regrowth s t a r t e d  i n  t he  f i r s t  week of February fo l lowing  

which t h e  crop was r e g u l a r l y  i r r i g a t e d  and trimmed, when necessary,  t o  

a he igh t  of about 15 cm by means of r o t a r y  mower. The d a t e  of i n d i -  

v i d u a l  opera t ions  such as mowing, i r r i g a t i o n ,  and of r a i n s  may be seen 

i n  Table 1. This  t a b l e  r e f e r s  t o  check number 4 and lys imeter  2 of 
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t h e  f i e l d  s i n c e  t h i s  was t h e  a r e a  over  which t h e  r s u t i n e  weather 

observa t ions  were made ( s e e  P a r t  2 ) .  A t  t imes, a s  w i l l  be  noted 

below, t h e  t rea tment  of l y s i n e t e r s  1 and 3 was d i f f e r e n t  from t h a t  

of 2. 

I n  o rde r  t o  be  a b l e  t o  s imultaneously s tudy  t h r e e  d i f f e r e n t  

he igh t s  of a l f a l f a ,  a schedule of d i f f e r e n t i a l  mowing was followed 

s t a r t i n g  on 1 ApriL, That i s  t o  say, Pysimeter 3 and checks 5, 6, 

and 7 of t h e  f i e l d  were l e f t  a lone  whereas t he  o t h e r s  were mowed. 

On 16 A p r i l  only lys imeter  1 and a s soc i a t ed  cheeks 1, 2, and 3 were 

mowed t o  a he igh t  of 1 cm s o  t h a t  on 22 and 23 Apr i l  t h r e e  d i f f e r e n t  

h e i g h t s  could be i n v e s t i g a t e d  s imultaneously (Al fa l f a  63-49. PoZEow- 

i n g  these  observa t ions ,  on 30 Apr i l ,  t h e  crop on igsirneters  2 and 3 

and checks 4, 5, 6, 7, and 8 was mowed t o  t h e  ground wid? s i c k l e  ba r  

mower, The f i e l d  was then  allowed t o  become uniform, which was 

a t t a i n e d  by 1 

A s i m i l a r  procedure was followed s t a r t h g  24 June, a t h ree - l eve l  

cover e x i s t i n g  by 8 J u l y ,  This  was s tud ied  on the  1.7 a9.d 18 J u l y  

(A l fa l f a  63-8). The f i e l d  was then mowed t o  the  ground axd becane 

uniform by 5 August, 

No f u r t h e r  i r r i g a t i o n  was appl ied  a f t e r  29 JuBy,, i -med ia t e ly  

fol lowing t h e  mowing of t he  f i e l d  t o  t he  ground wi th  t h e  s i c k l e  b a r  

mower. This  was done i n  an e f f o r t  t o  gradual ly  a l low the a c i l  moisture 

reserves  t o  b e  dep le t ed  and t o  reduce evaporat ion f o r  lack  u% avaHLable 

s o i l  moisture.  Not u n t i l  t h e  second week of Septenber d id  t h e  a l f a l f a  

show s igns  of d i s t r e s s  and d i d  evapo t r ansp i r a t ion  r a t e s  r e f l e c t  c l e a r l y  

t h e  lack  of s o i l  mois ture ,  By t h e  l a s t  of September t h e  crop had de- 

c l i n e d  s e v e r l y  and was shedding leaves i n  many p laces  i n  t h e  f i e l d .  - 1 
Measured evapora t ion  was down t o  1 m day 

In the f i r s t  week of October t h e  crop was mowed t o  t h e  ground 

wi th  a s i c k l e  ba r  mower, t h e  f i e l d  harrowed, f e r t i l i z e d  wiC& super-  

phosphate and l i g h t l y  seeded over ,  By two heavy i r r i g a t i o n s  dur ing  

the  l a t t e r  p a r t  of October t h e  s tand  i n  t he  f i e l d  was successEulPy 

r e -e s t ab l i shed  and by t h e  middle of November an e x c e l l e n t  s s a ~ d  was 

aga in  obtained which cont inued through December. The tops  of the 

p l a n t s ,  however, were s l i g h t l y  damaged by f r o s t  in rhe t % t r d  week of 

December. 
33-3 
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The most pe r t inen t  events during 1963 a r e  summarized i n  Ta.ble 1. 

This t a b l e  gives by decades, the  measured evaporation r a t e  i n  mm day-'. 

For those decades where the  cover was not  uniform, the  evaporation i s  

given f o r  lysimeter 2 and i n  two cases only f o r  a p a r t  of a decade 

s ince  during the  remainder the  crop was a s tubble  a s  a r e s u l t  of mow- 

ing. Table 1 a l s o  gives the  da te  and the  amount of s i g n i f i c a n t  r a i n -  

f a l l ,  i r r i g a t i o n  and height  of the  crop. A t  t he  beginning of the 

decade, the  d a t e  of mowing, and the  height  t o  which the  f i e l d  was 
i s  sho 

mowednas we?? as  a few other  pe r t inen t  events.  It w i l l  be seen from 

Table 1 t h a t ,  except during periods of recovery a f t e r  c lose  mowing or  

f r o s t ,  the  height  of the  f i e l d  was around 25 t o  30 cm. A notable excep- 

t i o n  t o  t h i s  i s  the  second and t h i r d  decades of Ju ly  where the  crop was 

allowed t o  grow t o  a height  of 48 cm. 

During the  e a r l y  p a r t  of the  year symptoms of s a l i n i t y  were noted 

i n  spots  i n  the  f i e l d  and a l s o  i n  and around the  lysimeters .  Heavy 

i r r i g a t i o n s  during May and June a l l e v i a t d  t h i s  problem (see a l s o  

Pa r t  5). S a l i n i t y  e f f e c t s  on a l f a l f a  can be noted from a s tunted  

growth, narrowing and thickening of leaves and a dark green t o  b lu i sh  

color  of the  f o l i a g e ,  Young p lan t s  may d i e  i f  condit ions p e r s i s t  too 

long. During the  period January through November 1963 about 2200 m of 

water were appl ied  t o  the  lysimeters  whereas about 1800 m were l o s t  

by evaporation, giving an excess of 300 mm which was ava i l ab le  f o r  

leaching. The a c t u a l  measured amount of leacheate was 340 mm. 

A s  a general  r u l e ,  the  i r r i g a t i o n  schedule was such t h a t  the  

s o i l  moisture content  was high and never could have l imi ted  water 

absorption by the  p l a n t s  except during the  month of September. Mead- 

urement of the  moisture content  of the  s o i l  was done with the  neut ro  

method every week u n t i l  1 October a t  8 depths and 4 loca t ions  i n  the  

f i e l d .  Moisture contents  general ly ranged between 20 and 30 percent 

by volume. Other than i n  September, moisture content  fe l l .  t o  i t s  

lowest l e v e l  by 18 February, the  l a s t  i r r i g a t i o n  having taken place 

i n  the  previous October. Moisture content  then ranged from about 

20 percent a t  30 c m  t o  26 percent  a t  120 cm depth. The moisture 

c h a r a c t e r i s t i c  of the  lysimeter  s o i l  i s  given id Figure 1. 
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A t  t h e  end of t h e  drying-out  per iod  on 1 October, t h e  mois ture  

content  was about 16 percent  throughout t h e  p r o f i l e  down t o  120 cm 

depth.  It was s t i l l  a s  h igh  a s  24 percent  a t  a  depth of 140 cm, 

Meteorological  Measurements. As ind ica t ed  above, simple, rou t ine -  

type meteoro logica l  measurements were made cont inuous ly  over t h e  f i e l d  

i n  check number 4, i n  which lys imeter  2  i s  l oca t ed ,  They cons i s t ed  of 

a  measurement of s o l a r  r a d i a t i o n ,  of n e t  r a d i a t i o n ,  of a i r  temperature 

a2d humidity a t  2  m above t h e  su r f ace ,  and of wind speed a t  2 m above 

t h e  su r f ace .  Also, s o i l  temperature a t  1 m depth was measured. These 

d a t a  a r e  repor ted  i n  d e t a i l  i n  P a r t  2. 

In  add i t i on ,  on s p e c i a l  occasions,  d e t a i l e d  micrometeorological 

s t u d i e s  were made. General ly ,  t hese  would c o n s i s t  of measurements of 

n e t  r a d i a t i o n  and s o i l  h e a t  f low over a l l  lys imeters ,  a  measurement of 

r e f l e c t e d  short-wave r a d i a t i o n ,  and sometimes a  measurement of incom- 

ing  and outgoing long-wave r a d i a t i o n .  Fur ther ,  a  wind p r o f i l e  would 

be  obtained a s  w e l l  a s  a  measurement of t h e  temperature d i f f e r e n t i a l  

between two l e v e l s  c l o s e  t o  t h e  su r f ace  of t h e  a i r  temperature and a i r  

humidity.  These d a t a  a r e  c o l l e c t i v e l y  repor ted  i n  a  s e r i e s  of obser -  

v a t i o n s  coded A l f a l f a  63. They a r e  d iscussed  i n  d e t a i l  under WCL 17 

and they a r e  l i s t e d  h e r e  f o r  r e f e rence ,  

A l f a l f a  63-1 08, 13, 14 FEB Short  a l f a l f a  cover i.n win ter t ime,  

A l f a l f a 6 3 - 2  26, 27 MAR Short  a l f a l f a  cover i n  sp r ing .  

A l f a l f a  63-3 10 APR Comparison of a  long and a  s h o r t  
a l f a l f a  cover .  

A l f a l f a  63-4 22, 23 APR A comparison of 3  d i f f e r e n t  he igh t s .  

A l f a l f a  63-5 28, 29 APR Study of 2  i s o l a t e d  p l o t s ,  1 m2 i n  
a r ea ,  t h e  surroundings having been 
mowed. 

A l f a l f a  63-6 20, 21 J U N  Short  corp of a l f a l f a  i n  summertime, 

A l f a l f a  63-7 03, 04  JUL Comparison of a  long and a  s h o r t  
cover of a l f a l f a .  

A l f a l f a  63-8 17, 18 JUL Comparison of 3 he igh t s  of a l f a l f a .  

A l f a l f a  63-9 25, 26 JUL Study of an a l f a l f a  s t u b b l e ,  

A l f a l f a  63-10 08, 09 AUG Short  a l f a l f a  cover i n  t h e  l a t e  
summer, 

A l f a l f a  63-11 12, 13  SEP An a l f a l f a  cover s u b j e c t  t o  l imi t ed  
s o i l  moisture supply.  
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A l f a l f a  63-12 24, 25 SEP A.lfalf!& crop with sever ly  Y.fmited 
saS l  moisture supp ky , 

Alfa l fa  63-1.3 1.5, 1.6 8CT A. dry a:'gfa.lfa. stubb1.e. 

Al fa l fa  63-14 28, 3.9 OCT A recent  l.y i r r i g a t e d  a1.f a l f  a stubbl.e, 

RESULTS AED DISCUSSEON: 

Decade Va*s of E-wapetraris~~:r~t:L~:~.. T&b;e 1 gives, I.n m day - 1 

the  decade avera.ges of evapot .rmspirat9an f o r  a1.7. th ree  l.ysimeters or ,  

i f  the  th ree  were not  t r e a t e d  eqws.:kl.:y, far 3.ysinet.er 2 only. The 

l a t t e r  values a r e  indica ted  with an asker isk .  It can be seen t h a t  

the  decade average f o r  a crop wn.da.maged 'by f r eez ing  may go down t o  

2,6 m i n  the wintertime. Or?; t he  o the r  hand, the  decade average may 

range a s  high a s  3.2.4 m:, as  1.n the second decade 02 SuEy, 'I31i.s deeade 

value undo1~btedl.y x e f l e c t s  t o  i! c e r t a i n  extent  the  f a c t  t h a t  the  crop 

was aEl.80~7ed t o  grow a s  h:i,gh a s  35 c'm f.n empar i son  with an overall .  

height  of about 25 cm during the  remaP.nder of the  yea r ,  The e f f e c t  of 

height  i t s e l f  wil.1. be discussed l a t e r  on. 

The decade values show tE.a.t evapotrampiratfom i.s a r e l a t i v e l y  

conservative quant i ty ,  a f fec ted  on ly  in a sninox way by such incidezrces 

a s  the  f r eez ing  of the  crop during the  second decade of January and 

the  mowing t o  a ground s tubb le  a s  ha.ppened durS.ng: the  t h i r d  decade of 

Apr i l  and of ,July. It w i l l  be noted t h a t  during the  decade following 

the mowing,the r a t e  of evapotranspira.tion was not  very d i f f e r e n t  from a 

normal value,  r e f l e c t i n g  the  rapid  regrowth of the  crop. During the  

second and t h i r d  decades of September  he consumptive use r e f l e c t s  the  

l imi t ing  influence of soi l .  moisture content ,  and during the  f i r s t  and 

second decade of October the  incompleteness of the  cover. Tne t o t a l  

a c t u a l  consumptive use  of water 'by the  eS.EelEa crop f o r  the  calendar 

year 1963 was around 18'38 m. I f  the crop had been supplied with 

water during September and Octobe~-, th:i.s value would probably have 

been somewhat i n  excess of 2000 m, 

A study was a l s o  made of the  maxf:mum d a i l y  va lces  of evapotran- 

s p i r a t i o n  5.y decades. These a r e  reported i n  Table 3 ,  The L-rst 

column i n  t h i s  t a b l e  gives che a-verege decade value and i s  4-he same 

a s  the  f i r s t  column i n  Table 1. In the  second column, the  maximum 

d a i l y  evapotranspi ra t ion  during each deeade is skow-n. If aeeades 
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dur ing  which i r r i g a t i o n  of a  ba re s tubb le  a r e  excluded ( f i r s t  decade 

of May and second decade of October f t  w i l l  b e  seen t h a t  evapotran-  

s p i r a t i o n  never exceeds t h e  average decade va lue  by a  ve ry  Large 

f r a c t i o n .  Thus t h e  h ighes t  amount ever  measured, 73 .9  mm i n  t h e  

second decade of 3uly,  was only 1 ,5  rn i n  excess of t h e  average 

f o r  t he  same per iod .  Actual ly,  percentage or f r a c t i o n a l  dev ia t ion  

of t he  maximum va lues  seem t o  be g r e a t e r  dur ing  t h e  wln te r  per iod  

than  a t  any o the r  t ime of t he  y e a r ,  This  i s  i n  keeping wi th  t h e  

idea  suggested by t h e  combination approach ( see  P a r t  31, which i s  

t h a t  advec t ive  e f f e c t s  shob-bd domicaate Zrtrii-tg che coo l  per iods r a t h e r  

than dur ing  t h e  warm pe r iods .  I n  absz~ lu t e  terms, however, t h e  devia-  

t i o n  of t h e  maximum from t h e  average va lues  a r e  nogrea t e r  i n  w in te r  

than they a r e  i n  t h e  summer, 

The fo l lowing  p e r t a i n s  zo t h e  e f f e c t s  of iadPvidua1 management 

p r a c t i c e s  on consumptive use .  Though the  d e t a i l e d  d a t a  a r e  not  given 

he re ,  i t  i s  ve ry  c l e a r  t h a t  t h e  i r r i g a t i o n  of a  full-grown s tand  of 

a l f a l f a  has  no measurable e f f e c t  whatever upon t h e  rate  of evapotran- 

sp i r a t zon ,  un le s s  s o i l  mois ture  had been inadequate ,  The foregoing 

s tatement  appl fed  on 19 February when t h e  Last i r r i g a t i o ~  was four  

months previous.  X t  a l s o  app l i ed  on Aprf l  t hen  30 days had e lapsed  

s i n c e  t h e  l a s t  i r r i g a t i o n  and on May when t h e  prev5ous i r r i g a t i o n  

had been 24 days e a r l i e r .  The on ly  i r r i g a t i o n  t h a t  bad a  measurable 

e f f e c t  on eonsumptlve use  was the one t h a t  took p t ace  on 27 October 

a f t e r  t h e  crop had been permi t ted  t o  dry  out  t h e  s o i l  s i n c e  29 J u l y ,  

Thus we may conclude, t h a t  a s  long a s  s o i l  moisture l e v e l s  a r e  he ld  

a t  a n  adequate l e v e l ,  t h e  frequency of i r r i g a t i o n  of a l f a l f a  will 

have an i n s i g n i f i c a n t  e f f e c t  on consumptive use.  

Another important management f a c t o r  i s  mowing t h e  c rop ,  Reducing 

t h e  he igh t  of a l f a l f a  e i t h e r  by a trim cu t  o r  c u t t i n g  t o  =he ground 

always has a  s i g n i f i c a n t  e f f e c t  upon csasumptive Lse. Thc day foi iow- 

ing  a  t r i m ,  evapora t ion  i s  o f t e n  c u t  t o  one-ha l f  o r  t he  o r i g i n a l  va lue ,  

However, w i t h i n  fou r  t o  f i v e  days, che o r i g i n a l  Level ma, be a t t a i n e d ,  

Cut t ing  t h e  crop t o  t h e  ground redaiees evapotransp.:rat"Lon t o  $ow values ,  

around 2 mm daym'. Recovery may requ4re up  to 7 days durzng w h k h  t h e  
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evapotranspi ra t ion  v a r i e s  with height  almost l i n e a r l y ,  It i s  a l s o  of 

considerable i n t e r e s t  t o  note t h a t  the  evaporation from a recen t ly  

i r r i g a t e d  s tubble  i s  always l e s s  than tha t  from a f u l l y  grown croF. 

This i s  i n  accord with the  s tud ies  of evaporation from bare s o i l  i n  

previous years ,  t h a t  have indica ted  t h a t  these  values a r e  by no means 

the  maximum poss ib le  ones. 

Energy Balance Studies by Decades, Using the  rout ine  data  on ne t  

r ad ia t ion  and ignoring, f o r  d a i l y  and decade values,  the  s o i l  hea t  f lux ,  

an energy balance was ca lcu la ted  f o r  each decade and reported i n  Table 2. 

This t ab le  gives i n  column 1 the  a c t u a l  measured decade average of evapo- 

r a t ion ,  and i n  column 2 the  measured decade value  of ne t  r a d i a t i o n ,  

Column 3 gives the  evaporat ive energy f l u x  and column 4 the  energy de- 

r ived from or given off t o  the  a i r ,  computed as  a  d i f f e rence ,  CoLumn 

5 gives the  r a t i o  of the  l a t e n t  hea t  f l u x  t o  the  n e t  r a d i a t i o n ,  

The s i g n i f i c a n t  information i n  Table 2 i s  t h a t  with the  exception 

of those periods during which the  crop was damaged by f m s t  (decades 

2 and 3 of January) and during which moisture was l imi t ing  e i t h e r  by 

low moisture content  o r  by t h e  f a c t  t h a t  the  cover was incomplete 

(decade 2 of September through decade l of November) the  value of A 

i s  pos i t ive .  That i s ,  a s  a  general  ru le ,  a  f u l l y  grown c x o ~  s f  a l f a l f a  

t h a t  has a  non-l imit ing supply of s o i l  moisture w i l l  evaporate tn ex- 

cess  of the  ava i l ab le  n e t  r ad ia t ion  a t  our locat ion .  This excess amount, 

on a f r a c t i o n a l  b a s i s ,  may be as  much as  50 percent i n  both the  winter  

and i n  the  summer, but  will .  average l e s s ,  around 20 percent .  Looking 

a t  the  column f o r  A, it i s  obvious t h a t  the  e f f e c t  of advection on con- 

sumptive use  i n  absolute  terms i s  by f a r  the  grea.test during the  months 

of June and Ju ly .  

In  Pa r t  3 i t  has been demonstrated t h a t  the  e f f e c t  of ambient 

weather condit ions i s  r a t h e r  accura te ly  taken i n t o  account by  the  

combination method. This, then, leads u s  t o  recognize t h a t  the  l a rge  

advective e f f e c t s ,  i n  terms of absolute  q u a n t i t i e s  of water involved, 

occurring during the  l a t t e r  p a r t  of May, June and J u l y  a r e  d i r e c t l y  

associa ted  with the  high vapor pressure d e f i c i t s .  Since rad ia t ion  

i s  a l s o  h ighes t  during t h i s  same period, it i s  no s u r p r i s e  t h a t  
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consumptive u s e  dur ing  t h i s  per iod  i s  exceedingly h igh .  Sf water i s  

t o  be saved i n  s i . gn i f i can t  q u a n t i t i e s ,  a l f a - l f a  should no t  be  maintained 

i n  a v e g e t a t i v e  cond i t i on  dur ing  t h e  months of June and J u l y  which 

would mean t h a t  a f i n a l  i r r i g a t i o n  should be app l i ed  i n  the  l a t t e r  p a r t  

of Apr i l ,  w i th  t h e  fo l lowing  i r r i g a t i o n  t o  t ake  p l ace  around 15 August, 

On i n d i v i d u a l  days t h e  advec t ive  e f f e c t s  can, of course,  be much 

g r e a t e r  than those noted f o r  decades,  The e x t e n t  t o  which t h i s  happens 

can be seen i n  Table 3, a l r eady  r e fe rxed  t o  e a r l i e r .  I n  t h i s  t a b l e ,  a 

va lue  f o r  t h e  h ighes t  d a i l y  evapo t r ansp i r a t ion  i n  each decade i s  given 

i n  t h e  second column, whereas t h e  t h i r d ,  f o u r t h  and f i f t h  cohmns give 

t h e  energy balance,  a l s o  f o r  t h a t  same day, General-Ey, t h e  f r a c t i o n a i  

amount t o  which evapora t ive  f l u x  exceeds n e t  r a d i a t i o n  on d a p  of maxi- 

mum evaporat ion i s  around 50 percent  and does no t  seem t o  d i f f e r  s f g n i f i -  

c a n t l y  between t h e  winter t ime and sumer t fme ,  Again, t he  excursions 

from t h e  average r ep re sen t  much l a r g e r  abso lu t e  q u a n t i t i e s  of water I n  

t h e  summertime than  i n  t h e  win ter t ime.  We f h d  t h a t  on a t  l e a s t  one 

day i n  June an  amount of water ,  almost equal  t o  t h a t  of t h e  n e t  r a d i a -  

t i o n  received,  was l o s t  a s  a r e s u l t  of s e n s i b l e  h e a t  inflow, t o  a t o t a l  

amount of approximately 6 , 5  mm, 

The maximum d a i l y  f i g u r e  f o r  water l o s s  caused by advec t ive  e f fecrs  

a lone  can be put  between 1 mm i n  t h e  win ter t ime t o  about 5 mm f o r  t h e  

summertime. The days of maximum advect ion a r e  i nva r i ab ly  a s s o c i a t e d  

wi th  days of h igh  wind speed. Thus, i n  t he  p rognos t i ca t ion  of c l ima- 

t o l o g i c a l  eva lua t ion  of p o s s i b l e  o r  p c t e n t i a l  amounts of evapotran- 

sp2 - a t ion ,  wind speed must d e f i n i t e l y  be taken i n t o  account ,  Z t  appears  

t h a t  t h e  combination approach ( P a r t  3) does t h i s  accu ra t e ly .  

From Tables 2 and 3 we can  conclude t h a t  t h e  evapo t r ansp i r a t ion  

from a l f a l f a  may occas iona l ly  exceed t h e  amount of energy a v a i l a b l e  

from n e t  r a d i a t i o n  ve ry  s i g n i f i c a n t l y  i n  i n d i v i d u a l  days. On t h e  

average, i t  w i l l  exceed n e t  r a d i a t i o n  measurably bu t  no t  d ra s t ioaL ly ,  

a t y p i c a l  f i g u r e  b e m g  around 20 pe rcen t ,  From t h i s  broad s ta tement ,  

we can a r r i v e  a t  a ve ry  approximate eva lua t ion  of t he  rnaximm p o t e ~ . t f a l  

evapot ranspi ra t ion  from a l f a l f a  i n  t h e  Phoenix a r e a .  This rough estimate 

givenin  t a b l e  4, i s  ob ta ined  by t ak ing  dur ing  each decade of t he  
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year ,  t h e  maximum va lue  f o r  n e t  r a d i a t i o n  and conver t ing  f t  t o  m i l l -  

meters  of water ,  adding 20 percent  t o  account f o r  t h e  average s e n s i b l e  

hea t  i npu t ,  Thus, monthly c o t a l s  i n  TaLle 4 a r e  obtained i n  m i  _ i imeters ,  

g iv ing  a  t o t a l  f o r  t h e  year  of 2018 mm. The t o t a l  of 2018 m is not  

much h igher  than t h e  a c t u a l  measured va lue  of about 1870 mn da r tng  1963. 

When the  l a t t e r  t o t a l  i s  ad jus t ed  f o r  t h e  per iod  of drought dur ing  

September and p a r t  of October, a  f i g u r e  very  c l o s e  t o  2 , W 3  rnm i s  sb-  

t a ined  a s  noted e a r l i e r ,  This  would i n d i c a t e  t h a t  t h e  maximurn p o t e n t i a l  

evapo t r ansp i r a t ion  i s  c l o s e l y  reached yea r  i n  and yea r  out ,  provided 

moisture i s  a v a i l a b l e  f o r  evapo t r ansp i r a t ion ,  The reasmi f o r  t h t s  i s  

p r imar i ly  t h a t  t h e  Phoenix c l ima te  has Dear maximum r z d i a r i o n  every  

year .  A d e t a i l e d  and c r i t i c a l  examination of t h i s  p ropos i t i on  must be 

based on c l i m a t o l o g i c a l  s t u d i e s  of r a d i a t i o n ,  wind speed, a d  vapor 

p re s su re  d e f i c i t ,  bu t  i t  i s  no t  l i k e l y  t o  r a ~ e 8 1  anything very much 

d i f f e r e n t  from what has  been s t a t e d  he re .  

For r e f e rence  purposes, Tab1.e 4 a l s o  g ives  t h e  e q u i v a l e ~ t  amount 

of evapo t r ansp i r a t ion  i n  inches ,  It i s  of i n t e r e s t  t o  compare t h e s e  

va lues  wi th  p rev ious ly  r epo r t ed  measurec. va lues  f o r  consumptive use  

us ing  s o i l  mois ture  measurements, Column 3 g ives  va iues  as repor ted  

by Har r i s  i n  a  p rov i s iona l  suppl.ement t o  SCS-TP-96. ActualZ,jf, two 

s e t s  of va lues  were obtained,  one between 1931 - 1954 and t h e  o t h e r  

between 1945 - 1946. During August and t h e  f i r s t  h a l f  of September 

t h e  a l f a l f a  was " res t ing"  and e v i d e n t l y  i t  was assumed t h a t  t h e r e  

would be no consumptive u s e  dur ing  t h a t  per iod ,  When the  va lues  

computed h e r e  a s  maximum amount of consumptive use  a r e  s i m i l a r l y  

ad jus t ed  by s u b t r a c t i n g  t h e  e n t i r e  amount f o r  August and h a l f  of t h a t  

f o r  September, a  t o t a l  of 66.1 inches i s  obtained a s  compared t o  t h e  

f i g u r e s  of 56.5 and 51.0 r epo r t ed  by H a r r i s ,  It w i l l  be seen t h a t  

t h e  discrepancy occurs  p r i n c i p a l l y  dur ing  t h e  win te r  and e a r l y  

s p r i n g  months 

Inasmuch a s  t h e  f i g u r e s  obtained i n  1963 a r e  i n  agreement wi th  

micrometeorologica1 e s t ima te s  ( see  P a r t  31, t h e  va lues  r epo r t ed  by  

Har r i s  dur ing  t h e  win te r  and s p r i n g  months must be t o o  low. Although 

i t  i s  no t  known what t he  cause f o r  t h i s  might be, i t  i s  u n r e a l i s t l c  

t o  assume t h a t  t he  consumptive use  l u r i n g  t h e  months of August and 
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t h e  f i r s t  h a l f  of September i s  zero, even though t h e  a l f a l f a  i s  nor. 

i r r i g a t e d .  For two reasons,  then, t h e  f i g u r e s  given on t h e  measured 

annual u s e  of well-watered a l f a l f a ,  a s  suppl ied  b y  HarrZs, seem t o  be 

on t h e  low s i d e ,  some 20 t o  30 percent  coo Low. Since t h e  so -ca l l ed  

Blaney-Criddle coeffi .eLents a r e  computed by us ing  a c t u a l l y  measured 

va lues ,  a l l  e s t ima te s  of consumptive u s e  based on che Blaney-CrLddle 

method, a s  appl ied  t o  a l f a l f a  a r e  too  low by t h e  same amount, 

One ob jec t ion  t h a t  may be r a i s e d  a g a i n s t  the  f i e l d  appl.icabi4.ity 

of t h e  d a t a  on a l f a l f a  repor ted  here ,  i s  t h a t  t h e  s i z e  of the  f i e l d  i s  

such t h a t  an  a l f a l f a  f i e l d  o f ,  sag,  1 Q  o r  20 times t h e  experimental  

f i e l d  wouLd, on t h e  average, show lower f i g u r e s  f o r  consumptive u s e ,  

The f a c t  t h a t  a meteorologiea1l.y based e s t ima te  of evapo t r ansp i r a t ion  

comes very  c l o s e  t o  t h e  a c t u a l l y  measured ones, would speak a g a i n s t  

any s i g n i f i c a n t  r o l e  of t h e  s i z e  oE t h e  f i e l d .  Addi t iona l  evidence 

must be obtained,  however, be fo re  the  argument concerning the  s i z e  of 

t h e  f i e l d  can be f u l l y  r e fu t ed .  

The E f f e c t  of Height of A1.Ealfa on i t s  Evapot ranspi ra t ion ,  During 

f i v e  per iods  i n  1963 d i f f e r e n t  h e i g h t s  of a l f a l f a  were maintained on 

t h e  t h r e e  ly s ime te r s  by mowing e i t h e r  1 or 2 of them and not  t h ~  ocher 

2 o r  3, ( see  Table 5) .  During per iod  A, two d i f f e r e n t  h e i g h t s  were 

thus  maintained and dur ing  per iod  B t h r e e  d i f f e r e n t  h e i g h t s ,  It may 

be seen i n  Table 5 t h a t  dur ing  per iods  A and B t he  average d a i l y  

evaporat ion was obviously r e l a t e d  t o  t h e  h e i g h t  of t he  crop.  1x1. a i l  

i n s t ances  t h e  crop was i n  a v e g e t a t i v e  s t a g e  and t h e  cover wa.s .rery 

complete. 

Another d i f f e r e n t i a l  mowing experiment was s t a r t e d  on 24 June 

which can be s tud ied  i n  t h r e e  per iods ,  a l s o  given i n  Table 5 *  During 

t h i s  experiment t h e  s tand  was somewhat l e s s  dense. Bare so5.1. aad 

t r a s h  was v i s i b l e  through t h e  canopy when i t  was mowed t o  t he  t r i m -  

ming he igh t  of roughly 16 cm. During per iod  C t h e  e f f e c t  of he ight  

i s  aga in  n o t i c e a b l e  thoughthere was a l s o  a d i f f e r e n c e  between I y s i -  

meters  1 and 2 which were a t  t h e  same h e i g h t ,  During period D t h e  

f a c t  t h a t  lys imeter  2 was now higher  than  1 was not  n o t i c e a b l e  bu t  

lys imeter  3, which was t h e  t a l l e s t ,  showed a d e f i n i t e l y  h igher  evapo- 

r a t i o n  r a t e ,  During t h i s  per iod,  f lowers  appeared on E y s i m t e r  3 ,  
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I n  c o n t r a s t  t o  t he  previous two per iods ,  per iod  E g ives  aga in  a ve ry  

c l e a r - c u t  demonstration of t h e  e f f e c t  of he igh t  i n   spit^ of t h e  f a x t  

t h a t  t h e  crop on Lysimeter 3 was now i n  almost f b l k  bloom and a 

number of blossoms had appeared on lys imeter  2, 

Genera l iz ing  t h e  r e s u l t s  given i n  Table 5 we can s e e  t h a t  the  

he igh t  of a l f a l f a  gene ra l ly  has a subs tan t ia l .  i n f luence  on t h e  evapo- 

r a t i o n  r a t e .  This i s  I n  keeping w i t h  t h e  f a c t  t h a t  throughout t h e  

e n t i r e  yea r  h e a t  was derived Ezam t h e  ove r iy i zg  a i r  i n  t h e  evapotran-  

s p i r a t i o n  process ,  Obviously, through a g r e a t e r  roughness, c rop  

he igh t  and poss ib ly  canopy f low the  in te rchange  of t he  over ly ing  a i r  

mass w i th  t h e  crop i s  more vlgoxous f o r  a t a l l e r  crop than  a s h o r t e r  

one, Another conclusion reached from thPs d a t a  i s  t h a t  t he  appearance 

of f lowers  i n  t h e  a l f a l f a  does no t  seem t o  have had any no t i ceab le  

e f f e c t  on i t s  t r a n s p i r a t i o n .  Ia t h i s  r e spec t ,  t h e  d a ~ a  a r e  i n  sharp  

c o n t r a s t  w i th  those  obtained f o r  sudangrass i n  1962. 

Severa l  d e t a i l e d  energy budget and mierometeorokogical cxnpari-  

sons were made over t h e  t h r e e  d i f f e r e n t  h e i g h t s .  These a r e  r epo r t ed  

under WCL 17. 

E f f e c t  of Decl ining S o i l  Moistare  Content and A v a i l s b l l f t y  on 

Evapot ranspi ra t ion  from A l f a l f a .  One of t h e  most f r equen t ly  asked 

ques t ions  concerning the  r e l a t i o n s h i p  of water  management and water 

u se  by c rops  i s  t o  what e x t e n t  s o i l  mois ture  content  has  an in f luence  

on cotssumptive u s e ,  A number of r ecen t  i n v e s t i g a t i o n s  have made i t  

c l e a r  t h a t  t h e r e  i s  no s i n g l e  o r  simple answer t o  t h i s  ques t ion  be- 

cause the  mois ture  hold ing  p r o p e r t i e s  of t h e  s o i l ,  che n a t u r e  of t h e  

crop, and t h e  atmospheric demand f o r  t r a n s p i r a t i o n  must a l l  be con- 

s ide red  and f o r  any given combination may g ive  r i s e  t o  a d i f f e r e n t  

answer. 

I n  t h e  case  of t h e  a l f a l f a  f i e l d  i n  I963 t h e  ma t t e r  i s  s i m p l i i i e d  

t o  a s i t u a t i o n  where the  s o i l  i s  homogeneous and y i e l d s  mois ture  

gradual ly  a s  s o i l  mois ture  t ens ion  inc reases  ( see  F igure  1 9 ,  Fur ther -  

more, t h e r e  was a we l l - e s t ab l i shed  scand wi th  a deep and presumably 

homogeneous r o o t  system. F i n a l l y ,  t h e  atmospheric demand, w i th  minor 

except ions,  i s  near  cons tan t  from day t o  day and shows oqly  a gradua l  

change wi th  t h e  progress  of she season,  ProbabZy, t he  b e s t  answer a s  
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t o  how a d e c l i n i n g  moisture supply a f f e c t s  t r a n s p i r a t i o n  by a l f a l f a  

could be had from a cont inuing  computation of t h e  p o t e n t i s 1  evapora t ion  

from t h e  a l f a l f a  cover  u s tng  a combhat ion  formula ( s e e  P a r t  7) and 

t o  no te  t h e  d i f f e r e n c e  between a c t u a l  and p o t e n t i a l  wapot ransp: ra f lon ,  

A t  t h i s  time t h e r e  i s  no c m p l e t e  a n a l y s i s  cf t h e  data  z v ~ i i a b k  rc 

t h i s  end. Therefore,  a s i n ~ p l i f i e d  a ~ a i y s i s  is given x i l  c 

r e p o r t  i n  a n t i c i p a t i o n  of a more complete one r u r z e n t l y  under prepara-  

t i o n .  

It w i l l  be r e c a l l e d  t h a t  on 23 J u l y  the e n t i r e  l.ysimeter f i e l d  was 

mowed t o  t h e  ground, a t  an approximate crop hedght of 4 cm and t h a t  on 

29 J u l y  fo l lowing  t h e  e n t i r e  f i e l d  was j r r i g a t e d  s o  a s  t o  b r i n g  t h e  

s o i l  t o  t h e  maximum f i e l d  moisture con ten t .  For a roo t ing  depth of 

1.5 m t h i s  would r ep re sen t  an  a v a i l a b l e  mois ture  r e se rve ,  between t h e  

15 atmospheric percentage and the  maximum a o l s t u r e  c m t e n r ,  s f  approxi-  

mately 300 mm, The crop recovered r a p i d l y  from t h e  rnswlag and an 

a n a l y s i s  of d a t a  f o r  9 August i nd ica t ed  t h a t  on thac  day the  crop was 

t r a n s p i r i n g  a t  t h e  p o t e n t i a l  r a t e ,  a s  calcu1a.ted from n e t  r a d i a t i o n  

and o t h e r  s tandard  weather d a t a .  The amount of h e a t  der ived  from t h e  

a i r  f o r  evapora t ion  was about 50 ly day'1 and t h i s  level 3f advec t ion  

was maintained f o r  t h e  du ra t ion  of t h e  e n t i r e  month of August and t h e  

f i r s t  p a r t  of September. 

The changing n a t u r e  of t h e  energy baLance dur ing  the per lod  of 

moisture d e p l e t i o n  i s  ind ica t ed  i n  Pigzlre 2, i n  ~ h i c h  the d a i l y  

amounts of evapora t ive  f l u x ,  n e t  r a d i a t i v e  f l u x ,  and t h e  s e n s i b l e  

hea t  exchange between s u r f a c e  and t h e  a i r  a r e  g iven ,  Pending more 

d e t a i l e d  a n a l y s i s ,  we conclude t h a t  u n t i l  about 4 or 5 September, 

t h a t  is, t h e  f i r s t  36 days of t h e  per iod  oS mois ture  dep le t ion ,  t h e  

d e c l i n i n g  mois ture  content  of t h e  s o i l  had no measurable e f f e c t  on 

t h e  t r a n s p i r a t i o n  r a t e .  By t h e  l a s t  day of August, t h e  t o t a l  amount 

of l o s s  by evapora t ion  was 250 mm b u t ,  a l s o ,  70 m of r a i n  had f a l l e n ,  

Thus, t h e  a v a i l a b l e  mois ture  was deple ted  t o  about  120 yrm 2; 5 Sep- 

tember, an a d d i t i o n a l  30 mm had been l o s t ,  reducing t h e  mois ture  r e -  

se rves  t o  approximately 90 mm. 

A f t e r  5 September t h e  s i g n  of A began t o  change from p o s i t i v e  t o  

nega t ive  and a s t e e p  d e c l i n e  i n  t he  evaporat ion r a t e  was noted begio- 

ning wi th  10 September. An a n a l y s i s  of t h e  a c t u a l  arid p o t e n t i a l  
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evapo t r ansp i r a t ion  f o r  12 September indicated  hat the a c t u a l  evasora-  

t i o n  was .63 of t h e  p o t e n t i a l  r a t e ,  i n d i c a t i n g  a s u b s t a n t i a l  r e s i s t ance  

t o  moisture l o s s  La t he  leaves,  presumably by pa r t i a l .  c l o s u r e  of 

stomates.  The crop i t s e l f  a l s o  showed defir . i . te s igns  of s t r e s s  by a 

change of co lor ,and  parrrlal. wL1-l.ng duririb the ;ftern-;ton. Or. 12 Sep- 

tember t he  a v a i l a b l e  s o i l  moisture reserves  hed dec l ined  f u r t h e r  t o  

approximately 50 nun. During the  l a s t  decade of September t he  c rop  

showed d e f i n i t e  s i g n s  of moisture s r r e s s ,  growrh had ceased completely,  

and dead leaves  appeared on t h e  branches.  Bj. 2 Octob2r t h e  evaporakion 

r a t e  had dec l ined  t o  about 1.4 mm and a Large pcr-tion of t h e  n e t  

r a d i a t i o n  rece ived  was re turned  t o  t h e  a i r  as se l i s ib le  hea t .  Tf t he  

e s t ima te  of 300 mm of t h e  origins!. moisture r e se rves  i s  c o r r e c t ,  then 

these  were e n t i r e l y  dep le t ed  by t h e  en6 of September and the  expexi- 

ment WSIC~ eofisidert~l t o  kgve aorne t o  an md, 

An approximate eva lua t ion  of rrhe da t a  shows tha.t t r a n s p i r a t i o n  

proceeded a t  a p o t e n t i a l  r a t e  f o r  a s  long a s  mois ture  had not  dep le t ed  

t o  l e s s  than  one- th i rd  of t h e  o r i g i n a l  amount. By t h e  time t h e  a c t u a l  

evapo t r ansp i r a t ion  r a t e  was o n e - h d f  t h e  p o t e n t i a l  r a t e ,  moisture 

reserves  had probably dec l ined  f ~ r c h e r  t o  about o n e - f i f t h  of rhe  

o r i g i n a l  amount and t h e  remainder was slowly e x t r a c t e d  a t  very  much 

reduced r a t e s  u n t i l  t h e  crop had become v l r t x a l l y  dormant. Even 

under those  cond i t i ons ,  mois ture  l o s s  cont inued a t  a r a t e  of approxi-  

mately 1 mrn day'l, This  however, is no t  n e c e s s a r i l y  r e l a t e d  t o  trm- 

s p i r a t i o n  bu t  has  a l s o  been found t o  occur on dry  b a r e  soil .  ( s ee  Anaual 

Report f o r  1961)- 

It i s  f u r t h e r  worthy of no te  t h a t  t h e  records  of t h e  crop he igh t  

i nd ica t ed  t h a t  app rec i ab le  growth r a t e s  p e r s i s t e d  through t h e  f i r s t  

week of September b u t  t h a t  very  l i t t l e  growth was noted a f t e r  t h a t  

t ime, 

Our observa t ions  d e f i n i t e l y  r e f u t e  two extreme views, o f t e n  held,  

t h e  f i r s t  one being t h a t  t r a n s p i r a t i o n  would d e c l i n e  more or l e s s  i n  

propor t ion  t o  t h e  mois ture  r e se rves  a v a i l a b l e  t o  t h e  p l a n t  and t h e  

o t h e r  being t h a t  t r a n s p i r a t i o n  goes on uaabated u n t i l  t he  en tF re  

supply of a v a i l a b l e  s o i l  mois ture  i s  exhausted. I f  t h e  two months' 

per iod,  August through September, i s  considered a s  a s i n g l e  i r r i g a t i o n  
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cycle,  i t  w i l l  be seen t h a t  p o t e n t i a l  r a t e s  of t r a n s p i r a t i o n  prevailed 

f o r  the  b e t t e r  p a r t  of t h i s  cycle.  There would seem t o  be l i t t l e  

agronomic advantage i n  p ro t rac t ing  the  cycle  t o  the  length of time 

t h a t  we c a r r i e d  i t  s ince  the re  was v i r t u a l l y  no growth a f t e r  approxi- 

mately 15 September, Thus it appears on s u p e r f i c i a l  ana lys i s  chat 

during the  time the  crop was making appreciable growth and aeeumula@- 

ing dry matter ,  t r a n s p i r a t i o n  proceeded a t  the  p o t e n t i a l  r a t e ,  It is 

of f u r t h e r  i n t e r e s t  t o  observe t h a t  the  period of des iccat ion  had no 

apparent harmful e f f e c t  on the  a l f a l f a  crop s ince  i t  made an excel lent  

recovery a f t e r  i t  was i r r i g a t e d  on 17 October, 

SUMMARY AND CONCLUSIONS : 

A crop of a l f a l f a  was observed continuously during the  calendar 

year  1963 a s  t o  i t s  hourly and d a i l y  r a t e  of moisture loss  t o  the  

atmosphere, From the  required meteorological observations, a continuous 

d a i l y  energy balance over the  crop was obtained,  With the exception o f  

a period immediately following a damaging f r o s t ,  and a period of 

approximately th ree  t o  four  weeks during which s o i l  moisture had been 

depleted c l o s e  t o  the  l i m i t  of a v a i l a b i l i t y  t o  the  p lants ,  t h e  water 

losses  from the  crop proceeded a t  a r a t e  which can be a r r ived  a t  from 

meteorological  va r i ab les  a s  the  p o t e n t i a l  r a t e .  This implied tha t  the  

a b i l i t y  of the  crop t o  absorb, conduct, and transmit  water through the  

leaves t o  the  atmosphere did not s i g n i f i c a n t l y  determine the  r a t e  of 

water l o s s .  Rather, t h i s  %ate  was determined by ex te rna l  f a c t o r s ,  

Under the  condit ions p reva i l ing  a t  t h e  s i t e  of observation, 

s i g n i f i c a n t  amounts of sens ib le  heat  were ext rac ted  from the  a5r on 

behalf of the  evaporation process. As a general  ru le ,  t h i s  amount of 

energy was equal t o  about 20 percent of the  n e t  r ad ia t ion  received 

a t  the  surface .  This f i g u r e  would apply during the  winter  a s  we1.1 

a s  during t h e  summer, but obviously during the summer much l a rge r  

absolute  q u a n t i t i e s  of energy were involved than i n  the  wintert ime,  

The evaporation losses  from the  a l f a l f a  va r i ed  from approximately 

1.5 mm day"l i n  December and January t o  a maximum of 12,5 mm day-y. 

which was observed during a 10 day period i n  Ju ly ,  The t o t a l  amount 

of water l o s t  by the  crop was about 1850 mm, which amount would pro- 

bably have been s l i g h t l y  i n  excess of 2000 mm i f  water had not  been 
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withheld from the  crop during the  e n t i r e  month of August and September, 

The comsumptive use r a t e s  a s  measured a r e  s i g n i f i c a n t l y  i n  excess of 

those based on s o i l  moisture measurements and reported e a r l i e r  i n  the 

l i t e r a t u r e .  The e a r l i e r  values,  and the  empirical  estimated of consump- 

t i v e  use of a l f a l f a  based thereon, seem t o  be too low primari ly during 

the  winter  months. It a l s o  seems i n  e r r o r  t o  assume t h a t  consumptive 

use would be zero during the  l a t t e r  p a r t  of the  summef when a l f a l f a  i s  

not  i r r i g a t e d  ( 1  August through 15 September) i n  the  c e n t r a l  Arizona 

area.  

Though the  evaporat ive losses  from a l f a l f a  a r e  meteorological ly 

determined, the  na tu re  and, i n  p a r t i c u l a r ,  the  he ight  of the  cover has 

a  s i g n i f i c a n t  inf luence  on the  evaporation r a t e s .  Two separa te  exper - 
ments demonstrated t h a t  a  f a c t o r  2 i n  the  height  of the  a l f a l f a  s tand 

would r e s u l t  i n  an increase  i n  r a t e  of water loss  anywhere from 25 t o  

35 percent ,  This e f f e c t  i s  a t t r i b u t e d  t o  d i f fe rences  i n  the  roughness 

parameter of the  respect ive  covers and the  r e s u l t a n t  increase  i n  e f f i -  

ciency with which the  overlying a i r  can exchange heat  with the  evapora- 

t i n g  crop surface .  

A prel iminary ana lys i s  of the  e f f e c t  of decl in ing s o i l  moisture 

suppl ies  on the  evaporat ive losses  from a l f a l f a  cover indica ted  chat 

the  l a t t e r  proceed a t  a  p o t e n t i a l  r a t e  u n t i l  a t  l e a s t  two-thirds of 

the  s o i l  moisture reserves  had been depleted.  When f o u r - f i f t h s  of the  

t o t a l  reserves  had disappeared, the  growth of the  crop came vi r tua lZy 

t o  a  s t a n d s t i l l  and the  evaporation r a t e  decl ines  t o  about one-half of 

the  p o t e n t i a l  r a t e .  

These observations t e n t a t i v e l y  suggest t h a t ,  a s  long a s  agronomi- 

c a l l y  des i rab le  moisture condi t ions  a r e  maintained i n  the  root  zone, 

the  moisture losses  from a l f a l f a  proceed a t  a  r a t e  which i s  determined 

by meteorological f a c t o r s .  

Furthermore, the  da ta  i n d i c a t e  t h a t  i r r i g a t i o n  of a  we l l  developed 

stand of a l f a l f a  has no measurable e f f e c t  on i t s  evaporation r a t e  a s  

long as  s o i l  moisture reserves  a r e  not  considerably depleted.  
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Table 1. Evaporation, r a in ,  i r r i g a t i o n ,  and management of a1 f tiif a 
by decades i n  1963, 

Mowed t o  18 cm. 

Mowed t o  16 em. 

Mowed t o  19 cm. 

Mowed t o  19 cm. 

... . 
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Table 1. Continued. 

**Crop heights  a r e  on the n e k e s t  da te  of the beginning of each decade 
and a l s o  f o r  lysimeter 2 only. 

*Value f o r  lysimeter  2 only, s ince  three  d i f f e r e n t  treatments were i n  
e f f e c t .  4 - 

1/ Value f o r  f i r s t  4 days only. - 
2/ Value f o r  f i r s t  2 days only. - 

Annual Report of the U.S. Water Conservation Laboratory



Table 2,  Evaporation and energy balance over a l f a l f a  by decades 
i n  1963 

Month Decade E - LE A - LE /% R, 

Jan 

Feb 

mar 

Apr 

Nay 

Jun 

Ju 1 

Au8 

S ~ P  

act 

Nov 

Dec 

- -  - -- - - - 

*Evaporation E and R, da ta  is  f o r  lysimeter  2 and check 4 only due t o  
inhomogeneous crop cover on f i e l d .  

f o r  E i r e t  4 days only,due t o  mowing t o  ground. - 
21 Value for  f l r a t  2 days only, due t o  mowing t o  ground. - 
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Table 3 .  Maximum d a i l y  evaporation by decades and energy balance 
on day s f  accursence over a l f a l f a ,  1963. 

Month Decade E Emax % - LE A -LE/Rn 

nn-n IY IY IY 
Jan 

Feb 

Mar 

A P ~  

m y  

Jun 

Ju 1 

Aug 

8ep 

Oct 

Nov 

Rec 

I/ Value fox f i r s t  4 days only. - 
2/ Value f o r  f i r s t  2 days only, - 

33-20 
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Table 4. Estimated maximum consumptive 
use from a l fa l fa  in the Phoenix 
area (columns 1 and 2) and con- 
sumptive use data by Harris 
(columns 3 and 4) . 

Month 1 2 . 3  4 

mm in ,  in .  in .  

Jan 5 7 2 .2  1.5 1 .O 

Feb 108 4 . 2  2 . 5  2.0 

Mar 140 5.5 4.0 3.5 

APr 190 7 .5 6 ,O 5 ,O 

WY 23 9 9 ,4 7.5 6.5 

Jun 268 10.6 10.0 9 .O 

Ju 1 28 6 11.3 12.0 12.0 

Auf3 24 1 9.5 - - - - 
SeP 20 2 8 .O 3.5 3.0 

Oc t 139 5.5 4.5 4.0 

Nov 9 8 3.9 3 .O 3.0 

Dee 50 2.0 2.0 2.0 
- -- - 

Year 20 18 79.6 56.5 51.0 

Adjusted for 
"rest " 66.1 

1 Aug - 15 Sep 
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Table 5 ,  Height ( i n  cm) of a l f a l f a  and d a i l y  evapo t r ansp i r a t ion  
( i n  mm) dur ing  5 per iods  i n  1963. 

Period Lysimeter Height Evaporation 

[Cut 1 and 2 on 1 Apr ] 
A 2 Apr - 15 Apr 

[ cu t  1 on 16 Apr]  
B 17 Apr - 23 Apr 

[cu t  1 and 2 on 24 J u n ]  
c 3 JUI - 7 JWI. 

[ c u t  1 on 2 J u l ]  
B 3 J u l  - 7 J u l  

[ cu t  1 on 8 J u l ]  
a 9 JUI - 22 J U ~  
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T e n s i o n  i n  b a r s  

Figure 1. Moisture characteristic of Adelanto loam. Annual Report of the U.S. Water Conservation Laboratory
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A u g u s t  S e p t e m b e r  O c t o b e r  

F igure  2. Dai ly  evapora t ion  r a t e  and energy ba lance  
.. components of a l f a l f a  dur ing  moisture de- 

p l e t i o n  pe r iod  s t a r t i n g  29 J u l y  1963. Annual Report of the U.S. Water Conservation Laboratory



PART 2. ROUTINE MEASUREMENT OF STANDARD WEATHER DATA IN 1963, 

INTRODUCTION : 

Starting with late 1963 a program of half-hourly observations of 

air temperature, air humidity, solar radiation, net radiation, and 

windspeed has been put in operation. Principally, these data are 

taken and recorded on behalf of meteorological and climatological 

studies (see Parts 1, 3, and 4, and also outlines WCL 16, 17, 18, and 

19). However, a permanent record is maintained for general reference 

purposes, 

During 1963 the final transducer system has beer. evolved but the 

recording system was still temporary, an automatic, digital recorder to 

be installed as soon as received. This report will serve mainly to des- 

cribe current methods of measurement and to present a summary of the 

data. 

PROCEDURE : 

Air Temperature Measurement. Air temperature was measured at 2 m 

above the ground, beginning on 18 January 1963, A 30-gage (.25 mm 

diameter) nylon-covered, copper-constantan thermocouple was used. The 

thermocouple was tested with a Leeds and Northrup type-K-3 potentiom- 

eter and found to be within 0.2 C of the true temperature, a value 

within the calibration of the wire. 

The thermocouple was housed in a 3 cm diameter, thin walled, brass 

tube 30 cm long that was within a nickel-plated, copper shield. This 

assembly was also the housing for the wet bulb thermocouple of the 

psychrometer, Air was drawn over the thermocouple by a blower at one 

end of the tube. A diagram of this system is discussed in section 2 

on humidity measurements. 

A soil probe containing a thermocouple and a resistance thermometer 

was constructed to provide a reference junction at 1 m below the ground 

level. This probe was originally made from 1.2 cm diameter electrical 

conduit but changed to a similar lucite tube on 7 March 1963. 

Soil temperature measurements were made at least weekly. A compem- 

sator was constructed and set at the measured soil temperature so as to 

give a millivolt signal equivalent to the actual air temperature. 
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On 8 November 1963 a new housing for air temperature measurements 

was installed, This contained a self-powered reference junction set at 

0 C, thereby eliminating the need for soil reference junction and com- 

pensator. The copper-constantan thermocouple remained the same, A 

diagram of this system is shown in Figure 1, 

Air Humidity Measurement. Measurement of air humidity began on 

18 January 1963. The housing, measurement circuit, and recording was 

developed concurrently with that for air temperature measurement, The 

transducer consisted of a nylon-covered, copper-constantan thermocouple 

inside a water saturated nylon wick, Air is drawn continually over the 

wick by a fan at the end of the tube, see Figure 2. 

The constantan wire of the wet bulb thermocouple is joined to the 

constantan of the dry bulb (air temperature) thermocouple. Thus the 

depression of the wet bulb is found directly. 

Operational tests were made with the psychrometer comparing its 

performance to that of Aminco elements and a Bendix psychrometer, 

Results were satisfactory, A heat lamp was used in a laboratory test 

of the psychrometer to evaluate the effectiveness of the radiation 

shield. Acceptable results were obtained under radiation intensities 

of 2 ly minml. 

Beginning on 6 June 1963, air humidity was measured with a Minnea- 

polis-Honeywell dew probe, model SSP-129A. This is a lithium-chloride 

bobbin wound with a silver bifilar wire. A temperature equilibrium will 

develop corresponding to the hydration balance of the bobbin. The 

temperature reading is obtained by a thermocouple inserted into the 

cavity of the dew probe bobbin, An aluminum rod 1.2 cm in diameter 

and 7.5 cm long was connected to an 18 cm long lucite tube. A thermo- 

couple was potted in the aluminum rod near the joint. This thermo- 

couple positioner places the thermocouple in the center of the dew 

probe bobbin and favors the conduction of heat of the dew probe bobbin 

to the thermocouple. 

Readout of the dew probe thermocouple was obtained by connecting 

the constantan wire of the dew probe thermocouple to the constantan of 

the soil probe thermocouple, The voltage obtained corresponds to the 

temperature of the dew probe above that of the soil. The known soil 
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temperature was then added to this value to obtain the dew probe 

temperature. 

From 8 July 1963 on, the dew probe was used exclusively to measure 

air humidity. On 8 November 1963 the wet bulb psychrometer was removed. 

The soil probe was disconnected and the dew probe and air temperature 

thermocouples were connected to a self-powered reference junction@odel 

JR114B, serial number 42, 0 C, manufactured by Consolidated Ohmic 

Devices Company). 

Solar Radiation. Measurement of solar radiation began 7 December 

1962. The instrument is located on a pipe stand 3.25 m above the 

ground, and midway between the north side and the center of the lysimeter 

field. This site is free of any significant obstruction above the plane 

of the sensing element. 

The sensing instrument is an Eppley Pyrheliometer. Readout of the 

pyrheliometer is obtained through the use of a voltage divider (2.5 k) 

across the input leads of the recorder. An emf from a portable milli- 

volt source is adjusted to equal the output of the pyrheliometer at 

1 ly min-l. The pyrheliometer is disconnected at the field and the 

millivolt source is attached, The voltage divider is adjusted to give 

a readout at the recorder of 1 ly min-l. 

Net Radiation. The measurement of net radiation began 7 December 

1962. The radiometer is mounted on a horizontal rod I m above ground 

level and approximately 1 m from the tripod support stand, The trans- 

ducer is a miniature net radiometer as developed by Fritschen. It con- 

sists of a copper-constantan thermopile mounted between two hemis- 

pherical polystyrene windows. Details of construction and calibration 

of this instrument can be,found in annual reports of 1960 and following. 

The output of the net radiometer is matched to the recorder span 

by the use of a voltage divider (2.5 k). A portable millivolt source 

adjusted to the output and impedance of the transducer is taken into 

the field and plugged into the leads in place of the net radiometer. 

The voltage divider is adjusted to obtain a recorder reading equal to 

the unit output of the radiometer, in this case 1 mv on the recorder 

for 1 ly mine' of net radiation. 
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Five ne t  radiometers  were used dur ing  the  year  of recora ing .  Threc 

were removed a f t e r  be ing  damaged e i t h e r  by exposure o r  by r a i n  s torms.  

Serv ice  l i f e  f o r  t h e  n e t  radiometers has now been s e r  ac  90 days be- 

tween October and Apr i l ,  and 60 each between Xpzil and Occober. 

A l l  measurements i n  1963 were made over cheek 4 of rha a l f a l f a  

f i e l d ,  For a more p r e c i s e  d e s c r i p t i o n  of t he  c o c d i ~ i o n  of t h i s  f i e l d  

s ee  ? a r t  1, 

Wind Speed. Continuous measurement of t h e  wind s2eed began 

5 Mazch 1963. A Beckman 6: Wnitley rype F wind measuring system v7a.s 

 use^ wi th  t h e  anemometer cups a r  2 m above the  ~XCI~:.~ and i m f r o x  

t h e  mast ho ld ing  t h e  s o l a r  radiometer .  The Beclanan cx Whitley system 

was removed 2 J u l y  1963. 

The major components of the  Backman & Whit l ey  systere. a r e  rhe wind 

speed t r a n s m i t t e r ,  t r a n s l a t o r ,  and recorder .  The w i r d  sgced t ~ d c s -  

m i r t e r  has a 3 cup anemometer mocnted on a v e r t i c a l  housing. The 

anemometer d r i v e s  a s h a f t  connected t o  a c i r c u l a r  l i g h t  chopper,  An 

e x c i t e r  lamp i s  pos i t ioned  above a s l o t t e d  p l a t e  and a phototube i s  

below. The pu l se  from the  phototube i s  ampl i f ied  arrd t r ansmi t t ed  t o  

t he  t r a n s l a t o r .  The t r a n s l a t o r  con ta ins  a power supply e i r c u i c  and a 

c l i p p e r  a m p l i f i e r  f o r  amplf iying and cor~verrFng t h e  sigrtaL from the  

wind speed t r a r ~ c i , ~ ~ ~ c t e r  and t r a n s m i t t i n g  i t  t o  t he  r eco rde r ,  The r e -  

corder  used t o  mehuur t h e  s i g n a l  was a Leeds and Northrup AZAR 

(ad juscable  zero, a d j u s t a b l e  range) milliv3;c r eco rde r ,  
- 1 

The recorder  was ad jus t ed  f o r  a l m sec  wind fu1.l s c a l e .  Reading 

was continuous a t  3 inches h r - l , ,  The c h a r t  was read weekly, i n t e g r a t e d  

I'by eye" f o r  ha l f -hour  per iods  t o  t h e  n e a r e s t  .5 m s e c - l .  

On 25 Sun; 1963 an i n t e g r a t i n g ,  d ig i t a l - t o -ana log  system was i n -  

s t a l l e d .  Wind i s  measured b y a C a s e l l a  3-cup anemometer. The 

anemometer i s  mounted on a t r i p o d  s tand  wi th  t h e  cups a t  2 m above the  

ground, The record ing  of wind speed i s  from a c o n t a c t  t h a t  i s  geared 

t o  t h e  s p i n d l e  of t h e  anemometer. A con tac t  i s  c losed  twice f a r  every 

t h r e e  r evo lu t ions  of t h e  anemometer cups. 

Contact c lo su res  a r e  r e g i s t e r e d  on a s e t  of f o u r  decade type scep- 

~ i n g  switches a t  30-minute i n t e r v a l s .  Switches 2, 3, and 4 ,  which 
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r e g i s t e r  t h e  t ens ,  hundreds, and thousands, con ta in  two banks of p a r a l l e l  

gold-plated, b r idg ing  con tac t s  each. Stepping switch nuniber 2 advances 

through LO half-ohm p r e c i s i o n  r e s i s t o r s  each cyc le .  In  t h e  same manner, 

s tepping  switches 3 and 4 advance through 5-ohm and 50-ohm r e s i s t o r s  

r e spec t ive ly .  F igures  3 and 4 g ive  t h e  c i r c u i t s  of t h e  wind r e g i s t r a -  

t i o n  system. 

A t y p i c a l  anemometer w i l l  produce 7970 con tac t  c lo su res  i n  ha l f  

an hour w i t h  a 10 m s ec - I  wind. The s tepping  switches a r e  manually 

advanced t o  t h i s  p o s i t i o n  and a vo l t age  source from an Even-Volt cu r r en t  

supply i s  ad jus t ed  t o  produce a f u l l  s c a l e ,  o r  2 mv s i g n a l  a t  t h e  r e -  

corder  through t h i s  c i r c u i t .  The zero i s  ad jus t ed  i n  t he  same manner, 

The wind speed system w i l l  then  cover  a range from zero  t o  10 m sec - I  

i n  797 s t e p s .  

P r in tou t  and r e s e t t i n g  t h e  counters  a r e  c o n t r o l l e d  by a t imer 

mounted i n  t h e  wind speed system c h a s s i s .  The s t a r t i n g  power comes 

from t h e  main t imer i n  t h e  recorder .  The wind speed t imer i s  then  s e l f -  

powered and ad jus t ed  t o  s t o p  the  r e g i s t e r i n g  of con tac t  c lo su res  f o r  

t he  channel p r i n t o u t ,  r e s e t  t h e  counters  t o  zero  and begin the  r e g i s -  

t e r i n g  of con tac t  c l o s u r e s  a f t e r  t he  p r i n t o u t .  The per iod  of count 

i n t e r r u p t i o n  i s  30 seconds. The d a t a  obtained from t h i s  system i s  

read t o  t h e  n e a r e s t  0 .1  m sec"'. 

Recording. The recorder  used t o  r e g i s t e r  the  weather d a t a  i s  a 

Minneapolis-Honeywell 6-point ,  mul t ico lored  do t  r eco rde r ,  The range 

i s  from -2  t o  4-2 mv. P r i n t  time i s  30 seconds and fu l l .  s c a l e ,  p r i n t  

wheel t r a v e l  t ime i s  24 seconds. A t imer has  been connected t o  t h e  

recorder  t o  begin  a p r i n t o u t  cyc l e  every 30 minutes .  One po in t  is 

i d e n t i f i e d  f o r  c o r r e c t  time each day and t h e  record i s  eva lua ted  

weekly. 

Solar  r a d i a t i o n  and n e t  r a d i a t i o n  a r e  matched t o  t h e  recorder  

s c a l e  by v o l t a g e  d i v i d e r s  s o  t h a t  one m i l l i v o l t  equals  one J.a.ngley 

per  minute. A i r  temperature and dew probe temperature a r e  recorded 

d i r e c t l y  on a s c a l e  of 2 mv approximately equal  t o  50 C. The dew 

probe has  an o f f s e t  of 20 C by means of a. cons t an t  v c l t a g e  supply 

ad jus t ed  t o  provide 0.790 mv, opposed t o  t he  dew probe output .  The 
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wind speed system i s  c a l i b r a t e d  t o  t he  s c a l e  of t h e  recorded a t  10 m 

set"' wind speed equal  t o  2 mv. The wind speed p r i n t o u t  a l s o  con ta ins  

a ze ro  o f f s e t  s i n c e  t h e  anemometers cannot measure wind speeds below - 1 20 cm s e c  

The v o l t a g e  supply f o r  both the  dew probe temperature o f f s e t  and 

t h e  wind system i s  an Even-Volt DC c u r r e n t  supply, ;?/;adel !01,05, manu- 

f ac tu red  by I n s t r u l a b ,  Incorporated.  

The r eco rde r  w i l l  be  modified i n  t he  f u t u r e  t o  p r i n t  t he  d a t a  on 

8-channel punched t a p e ,  F igures  5 and 6 s h o w , s c h e m a c i c a l ~ ,  how the  

d i f f e r e n t  t ransducers  a r e  connected t o  t h e  r eco rde r  i n p u t ,  

RESULTS AND DISCUSSION: 

Data a r e  a v a i l a b l e  f o r  each half-hour  and have been averaged by 

t h e  day, and day-value t a b l e s  have been compiled by months of t h e  year  

(Data Books V25 and V38). 

Decade va lues  have been c a l c u l a t e d  a l s o  and a r e  given he re  i n  

Table 1 f o r  s o l a r  r a d i a t i o n ,  n e t  r a d i a t i o n ,  wind speed, vapor p re s su re ,  

and maximum, minimum, and average a i r  temperature.  The wind d a t a  show 

gene ra l ly  lower va lues  beginning wi th  1 Ju ly ,  a s  compared t o  p r i o r  

d a t a .  This i s  a t t r i b u t e d  t o  erroneously high va lues  obtained from t h e  

Beckman & Whitley system dur ing  per iods  of very  low wind speed. Data 

p r i o r  t o  1 J u l y  dur ing  per iods  t h a t  wind speed i s  l e s s  than  1 m s e c - I  

should n o t  be regarded a s  r e l i a b l e .  

Often, s tandard  Weather Bureau da t a ,  ob ta ined  a t  Sky Harbor A i rpo r t ,  

a r e  used f o r  r e f e rence  purposes.  To t i e  them t o  our  d a t a  a comparison 

i s  made i n  F igures  7 and 8 of t h e  decade maximum and minimum a i r  tem- 

p e r a t u r e s ,  They show t h a t ,  o u t s i d e  of t he  months of December and 

January, temperatures  a t  t h e  a i r p o r t  runway a r e  2 t o  4 degrees h igher ,  

p a r t i c u l a r l y  a t  n i g h t ,  In us ing  a i r p o r t  wind d a t a ,  wind speeds a r e  

gene ra l ly  twice a s  h igh  a s  t h e  ones measured a t  t h e  Laboratory a t  2,0 m ,  

The Weather Bureau wind speed i s  measured a t  5 , 6  m. Since In  5 , 6 / l n  

2.0 = 2.5, t h e  d i f f e r e n c e  i s  approximately accounted f o r  by the  d i f f e r e n c e  

i n  he igh t  of measurement. 

S W R Y  AND CONCLUSIONS:: 

Half-hourly measurements of s tandard  weather d a t a  were made con t in -  

uously dur ing  1963 over an a l f a l f a  f i e l d  a t  2 m above t h e  ground. 
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Solar radiation was measured with an Eppley pyrheliometer, net 

radiation with a Fritschen polystyrene shield net radiometer, air tem- 

perature with a ventilated, shielded thermocouple with automatic self- 

powered reference junction, air vapor pressure with a lithium chloride 

dewcell and a compensated ehermoeouple, and wind speed with a sensitive 

cup anemometer and totalizing revolution counter with electrical analog 

readout. All signals were recorded on a self-recording voltmeter with 

a -2 to f12 millivolt span. 

Data are available in tabulated form for half -hours, days, and 

decades of 1963. 
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Table 1, Weather data  a t  2 m over a l f a l f a ,  U, S. Water Conservation 
Laboratory, Tempe, Arizona, 1963 

A i r  A i r  A i r  
Month Decade Rs I$., Wind Vapor Temp. Temp. Temp. 

Speed Pressure Ave. Ave. Ave. 
Max. Min. 

IY dayqL l y  dayg1 m secal 

Jan 

Feb 

Mar 

A P ~  

May 

Jun 

Ju 1 

Aug 

S ~ P  

Qct  

Nov 

Dec 

3 28 3 10 7 1.5 4.7 19.6 6.3 10.0 

1/ Measured with B & W analog system u n t i l  1 J ~ l y e  - 
21 Measured with Casellla and d i g i t a l  system a f t e r  1 July.  - 
3/ Ear l i e r  data  based on psychrometer, l a t e r  ones on dewcell. - 
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Sfyrafoam covered i t h  aluminized m y l a r  
I \ 

- 
Fi l ter  

Figure I. Thermocouple housing. Arrow shows direction of air flow. 
Construction is of lucite and styrofoam. A is lengthwise 
section. B is cross section, both schematical. Annual Report of the U.S. Water Conservation Laboratory



Constant level 
reservoir 

n I I I lead . 

Figure 2. kng thwise  (A) s ec t i on  and cross sect ion (B) of a sp i ra ted  
dry and wet thermocouple with double shie ld .  
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WIND SPEED INTEGRATOR AND OtGITAL - TO -ANALOG CONVERTER - SHEET l of 2 

Figure 3 .  Wind recorder c i r c u i t ,  showing programmer and recording 
sec t ion .  
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TO MH RECORDER 
CH. 6 

SIGNAL 

COMMON 1 

[EVEN-VOLT IN MH RECORDER] 
D.C. VOLTAGE 

+ 1.4 VOLTS 

CALIBRATE 

ZERO ADJUST ' 
son_ '( 

SS 4 C  +D 
5 0 f i  EACH 

S S 3  C+D 
5 f i  EACH 

S S 2 6  +D 
.5 h EACH 

Figure 4. Wind recorder c i r c u i t ,  showing readout  s e c t i o n .  

NOTE : 
CONTACTS C AND D ARE 
GOLD-PLATED, BRIDGING 
AND PARALLEL 
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- - 

COMPENSATOR 

WET 

DRY 

S o l  L 

TC. 

TC. 

TC. 

M V  RECORDER 

SOLAR OR 
NET RAD. 
TC. PILE 

Figure 5. Method of connecting wet and dry bulb assembly, and 
radiometers to recorder. 
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. 
-2 to +2 

MV RECORDER 

OC 
REFERENCE 

COMPENSATOR 

I 
---9 

1 
L-- 

REGULATED -A -; VOLTAGE 

I 
L- - - - -  l--- - ---- TO DECADE 

COUNTER 

1 

AIR TEMP 

DEW CELL 
TEMP 

Figure 6. Method of connecting air and dewcell thei-mcouple, and 
wind counter readout device to recorder. Annual Report of the U.S. Water Conservation Laboratory



--_ I - 
5 

Figure  7 .  Decade averages  of minimum d a i l y  a i r  temperature  a t  
U. S .  Water Conservat ion Laboratory (open d o t s )  and 
P'ttoenix A i rpo r t  Weather Bureau S i t e  ( s o l i d  d o t s ) .  

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



PART 3. TEST OF PREDICTION METHOD: THE COMBIN'ATION APPROACH, 

SYMBOLS : 

A - 1 
sensible heat flux in air - ly min 
transport coefficient for vapor - g cm - 2 

Bv mincl mb" 
E -2 -1 evaporation rate - g cm min 

2 -1. Ka, % eddy diffusivity - cm min 

L latent heat of vaporization - cal g*l 
net radiation - ly min - 1 Rn 

S soil heat flow - ly min-1 
temperature - C 

-1 -1 
specific heat of air - eaZ C g 

vapor pressure deficit - mb 
vapor pressure - mb 
Von Karman's constant (.41) 

ambient pressure - mb 
windspeed - cm sec - 1 
elevation - crn 

z 
0 

roughness factor - cm 
A de/dT - mb C - 1 
Y psychrometer constant - mb C-' 
E waterlair molecular weight ratio (j622) 

P density of air - g cm - 3 

X absolute humidity - g 
Subscript 'a' indicates elevation in air except in K . 

a 
INTRODUCTION : 

The combination approach is a method of estimating evaporation 

(E) from combining the energy balance equation (LE + Rn + A + s = 0) 

with aerodynamic expressions for the flow of sensible heat (A = Ka d 

(pcT) /dz) and for the flow of vapor (E = \ dX./dz) . 
The combination is carried out so as to obtain an expression in 

which the energy balance components, except A,  and properties of the 

air at some standard height, including windspeed, are retained. 

The following assumptions are involved in the derivation: 

a. Similarity of heat and vapor flow, e.e., K = K . 
a v 
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b. The slope of the vapor pressure-temperature curve at air 

temperature is not significantly different from that at the 

temperature of the evaporating surface, 

c. At the evaporating surface, where the turbulent regime be- 

gins, the vapor pressure is substantially equal to the 

saturation vapor pressure at the temperature of that surface. 

With these assumptions the following expression is obtained: 

This expression has been developed in various steps and forms, primarily 

by Penman, and also by Ferguson. It is impxtant to realize at the out- 

set that during the daytime the first term is usually much larger than 

the second one. Only under conditions of high wind speeds, high vapor 

pressure deficits, or at night, does the second term become prominent 

or dominant. Further, high air temperatures, through the effect of ~ / y ,  

tend to increase the dominance of the first term. The latter is usually 

referred to as the radiation term and the second as the aerodynamic term. 

However, the two are not entirely independent and equation l should not 

be viewed as some form of an energy balance expression. 

It is further important to appreciate the fact that [I] is, in 

essence, an instantaneous equation that applies only to periods over 

which all variables are substantially constant. It can be applied to 

periods of one hour or so without too much chance for error, However, 

it is in principle erroneous to apply it to 24-hour totals or averages. 

The factor Bv is a turbulent transport factor for water vapor, It 

has often been derived from empirical relations between evaporation and 

wind speed. However, one may also obtain it from the log-height wind 

law, thereby assuming adiabatic conditions--a fourth assumption. 

In that case we find 

It is possible to make corrections for stability, or to ocherwise develop 

expressions relating B to wind speed, as was done by Businger and Tanner. 
v 

Expression [ 2 ]  does not involve localized empiricism, though the roughness 

factor z of the surface must be measured or estimated. 
0 
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Reiterating, in many cases the accuracy required in estimating 

the aerodynamic term is not comparable to that involved in finding 

the radiation tern. Thus, some of the drastic assumptions concerning 

the transport coefficient are not fatal, 

Strangely enough, expression [l] has been widely used in one 

form or another, but never stringently tested. Data were available 

at Tempe from 1961 and 1963 to carry out a test of the combination 

method under a variety of circumstances. This report gives a partial 

evaluation of the available data. 

PROCEDURE : 

Accurate hourly data on evaporation were avhilable from the weigh- 

ing lysimeter records, often in rriplicate. In 1961 and 1963, during 

special observation periods, R, a43 S were measured on each lysimeter 
as well as u, T and, in 1961, e (air vapor pressure). Also, from wind 

profiles, zo could be estimated. 

Xn addition, during 1962, Rn was measured routinely as well as T, 

e, and u at a height of 2 meters above the surface. In one case z was 
0 

estimated from the height of the crop and by comparison with other 

situations. Six 24-hour periods were examined, the selection being 

more or less at random, except that all days were clear, and that irri- 

gation had been recently applied so that soil moisture could not be 

limiting, 

a; Big Splash 1, 25 April 1961. This was probably the most 

ideal situation - a shallow layer of ponded water over the entire field 
(slightly less than 1 ha). Air temperature varied from 5 to 24 C. 

- 1 
Vapor pressure was around 3 mb, maximum solar radiation 1.5 ly min . 

- 1 
Winds were fairly strong, up to 4.6 m sec in the afternoon. Rough- 

ness was measured as .001 cm. 

b. Big Mud 1, 29 April 1961. This was the second day after 

flooding the field. Air temperature varied from 9 to 31 C, vapor pres- 
- 1. 

sure around 4 mb, maximum solar radiation 1.5 Ly min . Winds were - 1 
again fairly strong, up to 3.8 m sec in midafternoon. Roughness 

was measured as .02 cm. 

c. Alfalfa 2, 2,6 March 1963. A good stand of young (6 months) 

alfalfa, 20 cm high, watered on 29 March. Air temperature was from 
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7 to 26 C, vapor pressure around 8 mb, maximum solar radiation 1.3 - 1 
ly min-l, wind speeds moderate up to 2.7 m sec in the af ternoon. 

Windspeed was measured at 65 cm over the crop and air temperature 

and humidity at 200 cm over the surface. This introduces some 

ambiguity in the data, even though appropriate corrections were 

made, poughness was measured at 1.0 cm. 

d, Alfalfa 6, 21 June 1963. A good stand of mature alfalfa, 

32 cm high, trimmed on 14 June and watered on 18 June. Air temperature 

from 12 to 33 C, vapor pressure around 6 mb, maximum solar radiation 

1+5 ly min-'. Windspeeds were quite high, up to 5 m seceL for 30- 

minute periods. This day was chosen as a typical "advection" day, 

Roughness was measured as 0.7 cm. 

e. Alfalfa 10, 9 August 1963. A good cover, 25 cm high, 

though open as a result of recent mowing to the ground on 23 July. 

Watered on 29 July, trimmed on 5 August. Air temperature from 22 to 

38 C ,  vapor pressure around 21 mb, maximum solar radiation 1.3 ly 

min-I wind speeds moderate, up to 2.7 m secwl for 30 minutes. Chosen 

as a typical central Arizona summer "monsoon" day, Roughness was 

measured as 3.0 cm, the high value possibly due to the open nature 

of the stand, 

f. AlfaLfa, 12 November 1963. A very complete cover of 

alfalfa 30 cm high, Renovated first week of October and last irri- 

gated on 28 October. Air temperature from 12 to 28 C, vapor pressure 
- 1 around 11 mb, maximum solar radiation .9 ly min , Wind was slight, 

during most of the day less than 1 m sec-I but for several hours 

around 2.5 m sec-I in the afternoon. A typical late fall day in 

central Arizona. Roughness estimated at 1.0 cm, Data on soil heat 

f low not available . 
Calculations were made for each hour of the day using formula [ 13 : 

Using a table, the dimensionless quantity Oly  was found from the air 

temperature, rounded off to the nearest .5 C .  R, and S were expressed 
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i n  l y  min-l. Since d,, t h e  vapor pressure  d e f i c i t ,  was expressed i n  mb, 
-1 -1 LB has t h e  dimension l y  min mb and i s  found from: 

V 

For s tandard  cond i t i ons  (25 C, LOO0 mb) we may write: 

- 1 
i n  which u i s  i n  cm s e c  

) 'a t h e  height of measurement of Ta, ea, and 
a 

u and z t he  roughness. Thus we c a l c u l a t e  from hour ly  va lues  a s  
a' o 

fol lows,  f o r  example: 
- L 

= 1.06 l y  min 
:n = -0.20 l y  minl 

Rn + S = 0.86 l y  min- 

Ta = 23.3 C 
A/y = 2.58 

A/Y(R, + S )  = 2.22 l y  min - 1 

z = 150 cm a 
zO = .001 cm 

2 In z a / z i  = 1.42 x 10 
u = 260 cm sec  a -1 -1 

LB = .0081 l y  min mb 
dv = 25.4 mb 

LB = 0.20 l y  min-1 
v a - 1 numerator of [ I ]  = 2.42 l y  min 

A/y + 1 = 3.58 - 1 
LE = - 0.68 l y  min 

The example demonstrates ,  f i r s t  of a l l ,  t h a t  an  order-of-magnitude 

va lue  of z can be s u f f i c i e n t l y  p rec i se .  Also, t h a t ,  i n  t h i s  case ,  
0 

t h e  accuracy requirement f o r  d and u i s  about 10 times l e s s  than  
a a 

t h a t  f o r  A/y and f o r  (Rn + S) . By and l a rge ,  t h e  b run t  of t h e  accuracy 

i s  borne by t h e  measurement of Rn, then  of Ta, wi th  o the r  f a c t o r s  on a 

secondary p l a n t  of importance. 

Following t h e  scheme o u t l i n e d  above, hour ly  c a l c u l a t i o n s  were made 

f o r  t he  6 days given above. Since f o r  case  F (12 November 1963) no 

va lues  f o r  S were a v a i l a b l e ,  R + S was assumed t o  be zero  f o r  a l l  
n - 1 

hours where R was l e s s  than  0.05 l y  min , The t o t a l  of measured R n n 
f o r  those  hours  was then  equa l ly  d i s t r i b u t e d  over t h e  remaining hours .  

Thus S f o r  t h e  day was assumed t o  be zero  and nega t ive  hour ly  va lues  
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f o r  (R f S) were el iminated.  For the  d a i l y  t o t a l  i t  makes no d i f f e r -  
n 

ence whether t h i s  or  the  regular  procedure i s  followed, but hourly 

values of p o s i t i v e  EE a r e  thus avoided. 

RESULTS AND DISCUSSION: 

Detai led hourly r e s u l t s  a r e  given i n  Figures 1, 2, and 3 f o r  the  

Big Splash, Al fa l fa  6 and Al fa l fa  November da ta ,  respect ive ly .  

The Big Splash da ta  a r e  the  most pe r t inen t  t e s t  of the  combina- 

t i o n  approach s ince  uniformity was i d e a l  here,  a s  was the  condit ion 

f o r  zero vapor pressure d e f i c i t  a t  the  surface .  Also, the  value f o r  

z should be very r e l i a b l e  i n  t h i s  case.  
0 

Obviously, the  agreement f o r  the  d a i l y  t o t a l  i s  excel lent ,  being 

wel l  wi th in  the  to lerance  of measurement estimated t o  be around 10 ly .  

On t h i s  day, n e t  r ad ia t ion  plus s o i l  hea t  f l u x  were 74 l y  more than -LE. 

Heat was, therefore ,  not  imported i n  s p i t e  of t h e  wetness of the surface,  

the  general  a r i d i t y  of the  environment and the  moderately high wind- 

speeds. This f a c t  must be a t t r i b u t e d  t o  the  low value of z which 
0' 

r e su l t ed  i n  low values  f o r  B the  vapor exchange c o e f f i c i e n t .  Hourly 
v J  

agreement i s  f a i r ,  some l a g  of measured versus computed values being 

apparent.  

Figure 2 a f fo rds  a remarkable example of the  power of the  method 

f o r  a well-developed l ea fy  cover i n  an a r i d  environment. In  t h i s  case, 

n e t  r ad ia t ion  plus hea t  f l u x  was 264 l y  l e s s  than (-UE), a case of 

s t rong advection of sens ib le  hea t .  Y e t  the  d a i l y  t o t a l  of ca lcula ted  

values was wi th in  3% of the  a c t u a l  measured value  and hourly agreement 

was a l s o  good. Note, i n  p a r t i c u l a r ,  how the  est imated value accura te ly  

r e f l e c t s  the  l a t e  af ternoon wind movement. 

Another outstanding f e a t u r e  of the  da ta  f o r  21 June 1963 i s  t h a t  

i n  no way the  assumption of zero d e f i c i t  a t  the  evaporating surface  i s  

re fu ted ,  In  o ther  words, we must conclude t h a t  the  cont r ibut ion  of 

leaf -associa ted  d i f fus ion  impedance f o r  water vapor i s  i n s i g n i f i c a n t  

with respect  t o  the  atmospheric impedance. 

The l a s t  conclusion, which should, of course, be l imi ted  t o  a 

well-watered, wel.1-developed a l f a l f a  cover, i s  sustained by the da ta  

f o r  12 November i n  Figure 3.  Here, a lso ,  the  value f o r  A i s  pos i t ive  - 
52 l y  f o r  the  day, advection playing a major r o l e .  The d a i l y  t o t a l  i s  
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f a i r l y  accura te ly  predic ted  and so  a r e  the  hourly values,  bearing i n  

mind the  somewhat a r b i t r a r y  co r rec t ion  f o r  the  absence of da ta  f o r  s o i l  

hea t  flow, 

Table 1 summarizes the  da ta  on a 24-hour ba.sis f o r  s i x  cases.  

Though the  availeb3.e da ta  mat.eriaS has not  bean e x h a s t e d  f o r  making 

f u r t h e r  t e s t s ,  the  p re  lii-rrinary impres si.on i s  t h a t  "Le combination 

method can provide a p r a c t i c a l l y  acceptable est imate of evaporation, 

with an apparent e r r o r  of around 5 percent of the  d a i l y  t o t a l .  A 

b i a s  seems t o  be absent  s ince  the  t o t a l  f o r  the  s i x  days i s  wi th in  

2 percent of the  measured value.  The t e s t s  reported here  were made f o r  

s i x  widely varying; cmdi.t%.ons, i.ncluding very s t rong advection of sens i -  

b l e  hea t .  'ilkus, Burther tesCl.ag and examhnecion of the  combination 

approach appears .V:ul.-i.y warranted. 

SUMMARY ABD comissow: 
Hourly and d a i l y  est imates of e v a p o t r a n s p i r a ~ i o n  were made f o r  s i x  

wi&ly&ffering condit ions occurring i n  1961, and 1.963 using the  combina- 

t i o n  method, sometimes b e t t e r  known a s  the  Penman method. included were 

open water, bare soil., and well-watered a l f a l f a .  Standard hourly 

weather da ta  were used i n  addi t ion  t o  n e t  r ad ia t ion  and an est imate of 

the  surfaxe roughness. The r e s u l t s  were c.ompared with h ighly  accura te  

weighable lysimeter  da ta .  

For a11 cases agreement was good. Daily values were t y p i c a l l y  

estimated wi th in  5 perc.ent, o r  around 1 /2  mm. Strong advective e f f e c t s  

were properly accounted f o r .  Hourly est imates,  thsugh l e s s  prec ise ,  

indica ted  the  d iu rna l  p a t t e r n  of r ad ia t ion ,  wind speed, and vapor pres-  

sure  d e f i c i t  c o r r e c t l y .  

Though f u r t h e r  t e s t s  with ava i l ab le  da ta  w i l l  be made, i t  appears 

t h a t  the  combination method i s  b a s i c a l l y  sound and needs no empirical  

adjustment whatever. It a l s o  i s  evident  t h a t  the  method i s  appl icable  

t o  an a r i d  environment t h a t  i s  heterogeneous and where evaporation 

involves s t rong advection of sens ib le  h e a t .  

Results  a r e  summarized a s  follows, in which E i s  the  d a i l y  evapora- 

t i o n  and r the  r a t i o  of the  estimated t o  the  measured value.  
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A p r i  1 O p e n  Water 5,58 mi .985 

A p r i l  Bare S o i l  6,89 m ,975 

M a r c h  AEf a If a 5.1.3 m 1.110 

June A l f  a if a 12.20 fim .97 2 

A u g u s  r A.Lf a l fa 17.88 mm 1.. C59 

November A l f a l f a  3.39 m 3.. 064 
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Table 1. Daily values f o r  s i x  comparisons of measures (LE) and 
computed (a) values of evaporative f lux,  together 
with other energy balance components and est imate of 
surface roughness. 

DATE NAME 

25/04/61 Big Splash 1 ,001 425 - 74 351 346 .985 .825 

29/04/61 Big Mud 1 -02 413 + 1 414 404 ,975 1.000 

29/03/63 Alfa l fa  2 1 .O 261 + 47 308 342 1.110 1.180 

21/06/63 Alfa l fa  6 ,7 468 4-264 732 712 .972 1.563 

09/08/63 Al fa l fa  10 3.0 377 + 97 474 502 1.059 1.257 

12/11/63 Al fa l fa  1 .O 151 4-52 203 216 1,064 1.343 

z i n  cm, a l l  o thers  i n  ly .  
0 n 

1 
i s  r a t i o  of LE t o  LE 

r i s  r a t i o  of LE t o  Z(Rn +S) 
2 
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Figure  2. Measured and c a l c u l a t e d  v a l u e  f o r  hou r ly  
evapora t ive  f l u x .  A dense s t a n d  of alfalfa 
on 21. June 1963 
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' e 3 Measured and calc11.t~~ ted values f o r  hou r ly  
?>vaporative f l u x .  A rl*.nse s t a n d  o f  a l f a l f a  
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PART 4: EVAPOTRANSPIRATION FROM A LAWN IN 1963. 

INTRODUCTION: 

In the Annual Report for 1962 a report was given on the construc- 

tion and testing of a simple lysimeter supported by a single loadcell, 

suitable for the measurement of daily values of evaporative water loss. 

The present report gives data on the performance of this lysimeter 

through the calendar year 1963 and, at the same time, provides a com- 

plete series of observations on a typical lawn such as may be found 

around homes and buildings in the Phoenix area. 

PROCEDURE : 

Lysimeter Use and Maintenance. The single loadcell lysimeter has 

worked satisfactorily since October 1962. Occasional maintenance and 

adjustments were necessary since its installation, but in each instance, 

not more than one day's data was lost. 

In March 1963 a small leak was detected in the gasket following 

an irrigation (see next section for irrigation method). Also, after 

5 months of operation, the butyl gasket and butyl cemented corners 

started :;bowing a slight deterioration. The gasket and fiberglass 

tape straps were removed. About 5 cm or 50 liters of water was pumped 

out of the bottom of the outer bin. This amount of water did not 

affect the operation of the lysimeter, since there is 25 cm clearance 

underneath the inner bin and the loadcell is hermetically sealed. New 

7.5 cm x 2.5 cm fiberglass straps (Scotchbrand) were installed (three 

straps in three locations on each of the four sides). 

A calibration check was made after the straps were installed by 

adding 5,O-kg and 12.5-kg increments up to 30.0-kg, The readings 

showed a change of 30.0-kg when the total amount was added and a 

change of 29,5-kg when taken off with a maximuq error or + 0.5"-kg at 
at the various increments. Strain indicator sensitivity was 0.5-kg. 

The gasket was left off for one week to allow inside space to 

become air-dry, Instead of the butyl gasket, a waterproofed, cloth 

adhesive tape (Silver Permacel Brand) 9,5 em wide and 0,4 mm thick 

was used. This tape was easier to install. Silastic RTV 891 was 

usedm-insure a waterproof seal at all the joints and corners of the 

tape. 
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A c a l i b r a t i o n  check was made a f t e r  the  gasket  was i n s t a l l e d  by 

adding 2.5-kg, 5,O-kg, and l2,5-kg increments up t o  32.5-kg t o t a l  

load. A t  each of t h e  increments,  t h e r e  was no e r r o r  i n  t he  weight 

change and a s e n s i v i t y  check gave 0.5-kg change, which i s  t h e  s e n s i -  

t i v i t y  of t h e  I n d i c a t o r .  

In  September 1963, t h e  t ape  gasket  showed some s l i g h t  s igns  of 

d e t e r i o r a t i o n  and sepa ra t ion  on one s i d e ,  due t o  weather exposure. 

Also, t he  inne r  b i n  was t i l t i n g  a l i t t l e  towards one corner ,  i n d i c a t -  

i n g  t h a t  t h e  f i b e r g l a s s  tape  s t r a p s  needed r ep lac ing .  There was no 

water  i n  t h e  bottom of t he  ou te r  b in ,  bu t  t he  bottom and s i d e s  of 

bo th  b ins  were moist  due t o  condensat ion.  Af t e r  t h e  gasket  was r e -  

moved, t h e  b ins  were allowed t o  a i r - d r y .  

In order  t o  prevent  t h e  b i n  from tilting t o  one corner ,  t he  num- 

b e r  of t ape  s t r a p s  was increased  t o  f i v e  i n  t h r e e  loca t ions  on t h e  

on the  o t h e r  two s i d e s ,  The new gasket  was i n s t a l l e d  and sea l ed  a s  

be fo re .  A c a l i b r a t i o n  check was then made by adding 12,5-kg inc re -  

ments up t o  a 100.0-kg t o t a l  load. The readings showed a change of 

99,5-kg when t h e  t o t a l  weight was added and a change of 99.5-kg. 

when taken o f f  w i th  a ma.ximum dev ia t ion  of $. 0,5-kg a t  t h e  va r ious  

increments,  

Up u n t i l  December 1963 a Baldwin-Lima-Hamilton (BW) Type 'IN" 

por t ab le  s t r a i n  i n d i c a t o r  was used t o  ob ta in  t h e  d a i l y  readings .  

Af te r  t h a t  time a BLH type 20 p o r t a b l e  s t r a i n  i n d i c a t o r  w i l l  be 

used. The new i n d i c a t o r  has a s l i g h t l y  g r e a t e r  r e a d a b i l i t y .  

I r r i g a t i o n  and Drainage, The lys imeter  was i r r i g a t e d  when- 

ever  t he  lawn was i r r i g a t e d  ( see  Table 1 f o r  i r r i g a t i o n  schedule 

and amounts), The lawn and lys imeter  would be f looded over pe r iod i -  

c a l l y ,  depending on seedings,  f e r t i l i z i n g ,  trimmings and consumptive 
- 

use.  On t h e  day of i r r i g a t i o n ,  t h e  lys imeter  would be  read a t  0800 

and t h e  gasket  checked f o r  l eaks .  A t  0800 on t h e  day foLZowing t h e  

i r r i g a t i o n ,  any excess  water s t i l l  s tanding  on the  lys imeter  would 

b e  dra ined  off and t h e  lys imeter  read .  The d i f f e r e n c e  would be t h e  

amount of t h e  water  added minus t h e  evapo t r ansp i r a t ion  f o r  t he  

i r r i g a t i o n  day. The l a t t e r  was es t imated  a s  t h e  average of t he  
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evapo t r ansp i r a t ion  on t h e  day preceding and t h e  one fol lowing t h e  

i r r i g a t i o n .  The lys imeter  edge i s  4 cm above t h e  s o i l  l e v e l  i n s i d e  

and ou t s ide  t h e  b i n .  As t h e  water  d i s t r i b u t e s  and recedes i n  t he  

lawn, i t  remains on t h e  lys imeter  a t  t h e  4-cm depth ,  This water i s  

d ra ined  o f f  be fo re  t h e  lysirneter i s  read on t h e  day f o l l o d n g t h e  

i r r i g a t i o n .  

The lys imeter  was dra ined  a f t e r  each i r r i g a t i o n  wi th  one excep- 

t i o n  ( see  Table 1, f o r  dra inage  schedule and amounts), The water  was 

e x t r a c t e d  from t h e  bottom of t he  s o i l  column through two f i l t e r  

candles  (Se las )  wi th  a vacuum pump. The water  from each f i l t e r  

candle was c o l l e c t e d  i n  a s u i t a b l e  con ta ine r  measured by p l ac ing  

t h e  con ta ine r s  on the  lgs imeter  and no t ing  t h e  d i f f e r e n c e  i n  reading.  

During t h e  f i r s t  h a l f  of the year ,  drainage took about 3 days. 

On these  occasions t h e  vacuum pump was r egu la t ed  so  t h a t  t he  water  

was e x t r a c t e d  a t  a slow r a t e  s i m i l a r  t o  t h e  i n f i l t r a t i o n  of water 

through t h e  s o i l  column. This proved t o  be time-consuming and too 

p r e c i s e ,  During t h e  remainder of t h e  year ,  d ra inage  took about 8 

hours,  u s u a l l y  4 t o  7 days fol lowing i r r i g a t i o n ,  

Lam Management. The lyskmeter was i n s t a l l e d  i.n a ryegrass  lawn 

which had been i n  bermudagrass f o r  two yea r s .  In  October 1962, rye-  

g ra s s  was p lan ted  i n  t h e  lys imeter .  The rye  l a m  was kept  u n t i l  14 May 

1963. A t  t h a t  time bermuda plugs were added t o  t h e  lysimeter  and by 

the  middle of June 1963, t h e  lys imeter  had a complete bermuda cover .  

From t h a t  time on, t h e  lys imeter  was seeded and f e r t i l i z e d  whenever t h e  

whole lawn needed such a t t e n t i o n ,  On October 22, 1963 t h e  lawn was 

f e r t i l i z e d  and seeded wi th  ryeg ras s  f o r  t he  win te r  months. 

The lawn was mowed wi th  a mu1ti.ple r ee l - type  mower. A t  t h e  same 

time t h e  lys imeter  and c l o s e  surrounding a reas  not  a c c e s s i b l e  t o  t he  

mower were trimmed wi th  hand c l i p p e r s  t o  t h e  same he igh t  of about 

4 cm. In  October 1963 i t  was mowed c l o s e  t o  t h e  ground i n  order  t o  

p l a n t  t h e  ryeg ras s .  Dates of mowing a r e  shown i n  Table 1. 

Record Taking Method. Dai ly readings were s t a r t e d  on 1. 3ovember 

1962 and were taken on Monday through Friday a t  0800, The d a t a  over 

weekends and hol idays  were taken a t  0800 of t h e  l a s t  work day be fo re  

and a t  0800 of t h e  f i r s t  day a f t e r  each in s t ance  and averaged f o r  t h e  

33-55 
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appropriate number of days, 'The d a i l y  evaporation r a t e s  a r e  f o r  a 

24-hour period extending from 080Q t o  0800, 

These d a i l y  readings were continued u n t i l  December 2, 1963, A t  

t h i s  time i t  was decided t o  co:l.lect da ta  on a deea.de b a s i s  whereby 

readings a r e  t o  be, taken on tkae k t ,  I . l t h  aalkrd 21.st da,:y of each month 

o r  the  neares t  working date t o  chese d a t e s ,  

'&e reading i s  f omd i:n nmf,crof:,roches per  .j.x:,c:h and the  dif:f erence 

between readings,  when mul.tfpl.:Eed by 0,5, g i v e s  the  change i n  kg o r  

mm with the  appropr ia te  se , t t ing  of the  gauge f a c t o r  d ia l . ,  

EXAMPLE: 0800 01. APR - 08G0 Q:? BPS. 

i.4752 - ].4.74:0 :.- '2.2 x :3,5 :z: 6 ,Q rrr_n i...v.apor.ati.on 

The r a i n f a l l  da ta  :i.s taken from .cKe da ta  supl : i ,ed  by three  au to -  

matic Bytrex lyeimeters wh.leh record wei.ght every hour, A. recording 

r a i n  gauge could a l s o  be used. 'fkte dai ly '  loss  from the  l a m  :f.ysirneter 

i s  correc ted  f o r  the  oceasi.onal periods of' rai.nfa'Y,L. 

RESULTS AND DISCUSSION:: 

The d a i l y  measurements of evaporati.m. from the  lawn, l.ysi.meter a r e  

summarized i n  Table 2 whf.ch gives the  decade averages i.n m i l  l i .meters,  

In addi t ion ,  Table 2 contains decade averages o h n e t  r ad ia t ion  measured 

over an adjacent  f i e l d  of a l f a l f a ,  The Lat ter  val.ues may not be repre-  

sen ta t ive  f o r  the  n e t  r ad ia t ion  t h a t  p reva i l s  over the  bermwdagrass, 

However, the  order  of magnitude i s  c e r t a i n l y  e o r r e c t  and the  n e t  r ad ia -  

t i o n  da.ta serve as a bas i s  of norxnaZizfng the  evaporation data  t o  a 

c e r t a i n  ex ten t .  The four th  column i n  Table 2 gLves the  energy equiva- 

l e n t  of evaporation and the  f i f t h  column the  r a t i o  of evaporat ive 

f l u x  t o  n e t  r a d i a t i o n .  

Bearing i n  mind the  l imi ta t ion  on the  applicabf 1.3.tp of tk c e t  

r ad ia t ion  data ,  f t f s evident  t h a t  a s  a whol.e, the  evapatranspf.ration 

was l e s s  than the  n e t  r ad ia t ion  measured over the  al.:fal.fa, Another 

u s e f u l  aspect  of the  r a t i o  i s  t h a t  i t  denonstrates c l e a r l y  .when the  

condit ion of the  Lawn l imi ted  eva.porati,on, This was the case during 

the  l a s t  decade of May and the  f f . r s t  two decades of 2un.e  en the  

ryegrass was dead and the  bermudagrass cover had not  d'u11:y devel.oped, 

Simil.arly, low r a t i o n s  of ET over R were fow.rad during the  months of 
n 
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November and December when the  bermudagrass bermudagrass became dormant 

and the  ryegrass had, f o r  the  most, f a i l e d  t o  develop a f u l l  s tand.  

In add i t ion  t o  average f igures  f o r  periods of 10 d q s ,  the re  i s  

o f t en  considerable i n t e r e s t  i n  the  maximum f i g u r e s  t h a t  a r e  obtained 

f o r  d a i l y  evaporat ion,  These f i g u r e s  would have some bearing on the  

capaci ty  of water de l ive ry  systems used f o r  i r r i g a t i n g  l a m s .  Maxi- 

mum d a i l y  water use r a t e s  a r e  given i n  Tabla 3 fo r  each decade i n  the  

second column, again i n  mi l l imeters .  The day of the  month and the  

corresponding n e t  r a d i a t i o n  over a l f a l f a  on the  same day a r e  given 

i n  columns 3 and 4. The energy equivalent  and the  r a t i o  of ET t o  

R a r e  given i n  columns 5 and 6. The values of ET/Rn r a t i o  run 
n 

higher i n  Table 3 a s  compared t o  Table 2, i nd ica t ing  t h a t  the  higher 

values f o r  evaporation were not  due s o l e l y  t o  higher values of ne t  

r ad ia t ion  but  were a l s o  associa ted  with o ther  f ac to r s ,  conceivably, 

i r r i g a t i o n ,  the  he ight  of the  lawn and windspeed. Nevertheless, a 

comparison of Table 3 and Table 2 demonstrate t h a t  evaporation i s  a 

reasonably conservative phenomenon. The maximum excursion was found 

during the  t h i r d  decade of June and J u l y  where evaporation on one 

day was nea r ly  double t h a t  f o r  the  corresponding decade, Generally, 

a these  high values a r e  found on a day immediately following an i r r i -  

gat ion  o r  r a i n ,  

Both average and maximum d a i l y  r a t e s  of evaporation from the  lawn 

a r e  portrayed by decades i n  Figure 1. For the  average values the  

f i g u r e  shows a f a i r l y  s teady r i s e  u n t i l  the f i r s t  decade i n  May. 

Following t h i s ,  t he re  i s  a decl ine  a s  the  ryeg~rass d i e s  and rhe 

bermudagrass slowly takes over, a f u l l  cover being formed by the  

f i r s t  decade i n  Ju ly .  The f i r s t  decade i n  August shows a dec l ine  

which is  thought t o  be associa ted  with an undue delay i n  i r r i g a t i o n  

following which the  evaporation decl ines  again p a r t i c u l a r l y  during 

the  f i r s t  p a r t  of October a s  the  bermudagrass becomes dormant and 

rye  is  planted but  d&6 not  a s  ye t  grow vigorously.  

Table 4 gives a summary of the  t o t a l  amount of i r r i g a t i o n  water 

applied and r a i n  t h a t  f e l l  on the  a r e a ,  Also shown a r e  the  monthly 

and annual amounts of evaporation a s  wel l  a s  the  amount of water 
" 5  
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drained from the  lysimeter .  It i s  of ince res t  t o  note t h a t  ap?roximately 

2,000 mm of i r r i g a t i o n  (80 inches) were applied t o  the  lawn i n  add i t ion  

t o  about 200 mm (8 inches) of r a in .  A t  the  same time, t h e  t o t a l  meas- 

ured use of the  lawn was about 1,400 mm (56 inches),  indica t ing  t h a t  

the  lawn t ras  considerably over - i r r iga ted  a t  the  point  of measurement 

and t h a t  probably a t  a11 times condit ions were maintained f o r  maximum 

t r a n s p i r a t i o n  by the  p lan t s .  Allowing f o r  the  period of p a r t i a l  cover 

i n  p a r t s  of May and June, a f i g u r e  of 1,509 m (68 inches) i s  a s a f e  

est imate f o r  the  t y p i c a l  maximm consumptive use of the  lawn i n  quest ion 

over an annual period. The S g ~ r e s  Tn. Tah2.c. L; i l e ~ o n s t r a t e  t h a t  the  

ine f f i c i ency  and waste o f  i r r i g z t z o n  water took place during the  months 

of January, @arch, June, &,. l;,~tber and i n  December. During these  

periods the  t o t a l  amount o f  Maiei appkied t o  the Lawn exceeded evapora- 

t i o n  2 o r  3 times. Pa r t  of chc f?eEk?cl.m:y ~neawred  2s undoub~edly 

due t o  poor l eve l ing  and, next, t o  a c  imlise r i n i n a t e  app Lication of 

water whenever i r r i g a t i o n  was scheduled. 

SUMMARY AND C ONC LIJ S IONS : 

The consumptive use of water by a becmudagrass-ryegrass lawn 

adjacent  t o  the  Laboratory b a ~ d i r r g s  was measuced dvricg the  calendar 

year  1963. Data were obtained w i t h  a s h 2 l e  1 m3 s t e e l  lysimeter sup- 

ported by a s i n g l e  loadce l l .  Daily values of water loss  were obtained 

t o  the  nea res t  .5 m so  t h a t  quLLe accara te  weekly f igures  could be 

es t ab l i shed ,  

Other than ~ c c a s i o n a l  replacement of a gasket and of the  f i b e r -  

g las s  tape  f l exures ,  the  lysimeter  d id  not r equ i re  maintenance and 

worked wi th in  the  l i m i t  of i t s  r e l i a b i l i t y  during the  e n t i r e  period. 

The lysimeter  was 1oc.ated i n  a lawn t h a t  was i r r i g a t e d  by f lood- 

ing, i n  which process the  lysimeter  i t s e l f  was flooded over. Excess 

water was removed by a plrmp and drainage system when necessary. 
- 1 

The da ta  showed a minimum d a i l y  loss  of about 1 mm day during 
- 1. 

December and a maximum of 8 mm day ia Ju1.y. OccasionaLly, a d a i l y  

consumptive use  of 1l mm f o r  one da.y was measured. The consumptive 

use was appreciably depressed during the  period of t r a n s i t i o n  from 

one type of grass  t o  the  o the r ,  Tota l  use of water f o r  the year was 
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c lose  t o  1,400 WID where about 2,200 mm of water were applied a s  irri- 

gation and ra in .  The customary i r r i g a t i o n  procedure has resu l t ed  i n  

considerable o v e r - i r r i  a t i o n  during December and January, the  t r a n s i -  

t i o n  period i n  June, and a l s o  during September. 

The experience and data  obtained ind ica te  t h a t  the  s ing le  load- 

c e l l  lysimeter  i s  a r e l i a b l e ,  t rouble-f ree  instrument t h a t  can give 

accurate da ta  on consumptive use with a minimum of e f f o r t ,  The order 

of magnitude of consumptive use of a  typ ica l  lawn i n  the  Phoenix area  

was es tabl ished a s  a conservative est imate of 1,500 rmn f o r  the  year 

(60 inches) with dt maximm use r a t e  o f  244) min i n  Ju ly  and a minimum 

use r a t e  of 30 mm i n  December (9 -8  m d  1.6 inches, respect ively) ,  
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Table 1. I r r i g a t i o n  and drainage of lawn lysimeter .  

I r r i g a t i o n  Drainage Mowing 

Date A m t  Date A m t  Date Cover 

31  Dec 62 

28 Jan 63 

14 Mar 63 

10 Apr 63 

10 May 63 

04 Jun 63 

28 Jun 63 

19 J u l  63 

02 Aug 63 

16 Aug 63 

13 Sep 63 

27 Sep 63 

24 Oct 63 

03 Dec 63 

17 Dec 63 

08-11 Jan 63 

13-15 Feb 63 

01-12 Apr 63 

15-17 May 63 

05-06 Jun 63 

0 1  J u l  63 

3 1  J u l  63 

07 Aug 63 

20 Aug 63 

17 Sep 63 

01  Oct 63 

29 Oct 63 

10 Dec 63 

mm 
94 12 Feb 63 

70 20 Mar 63 

02 May 63 

30 26 Jun 63 

8 1  08 J u l  63 

56 17 J u l  63 

48 30 J u l  63 

36 12 Aug 63 

54 19 Aug 63 

59 27 Aug 63 

62 11 Sep 63 

45 27 Sep 63 

57 11 Oct 63 

46 14 Oct 63 

Rye 

Rye 

Rye 

Bermuda (very l i t t l e  rye)  

Bermuda 

Bermuda 

Bermuda 

Bermuda 

Bermuda 

Bermuda 

Bermuda 

Bermuda 

Bermuda) Close t o  ground 
) f o r  rye  grass  

Bermuda) p lant ing(22 Oct 63 

- 18 Nov 63 Rye (very sparse ;  some 

7 38 
bermuda due t o  warm 
weather) 
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Tabke Z I  Decade wezagea s f  lawn evapor;ation i n  rrnn per day. Also, 
thg net  rod%ation as measured over a l f a l f a ,  the evapora- 
tive F l w ~ ~  A the ~ a t i ~  af the l a t f e r  two, 1963, 

1 1,20 59 70 1.19 01 Irr . 124 mm 
Rain 16 mm 
Rain 2mm 
Freezing temp. 
Irr , 104 mm 

Rain 21 mm 
T r i m  

Irr. 196 rn 
Rain 8 m  
Trim 

Irr 128 mm 
Rain 6 mm 

T r i m  
Srr , 154 mm 
Bermuda plugs added 

Irr . 183 mm 
T r i m  
Irr . 178 mm 

T r i m  
T r i m  
Irr . 
Rain 
T r i m  

Irr . 
Rain 
T r i m  
Rain 
Irr , 
T r i m  
Rain 
T r i m  
Rain 

T r i m  
Irr . 137 mm 
Tx i m  
Irr . 117 mm 
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Table 2. Continued 

Month Decade Evap. Rn* -ET -ET/R n 
Ryegrass sigce Nuv, 62 

mm l y  XY 
Oct 1 4.16 211 242 1 , 1 5  

2 2.29 192 134 .70 11,14 T r i m  
18,19 Rain 38 mm 

3 1 .92  2.01 112 .56 22 Plant Rye 
Irr , 95 m 

Nov 1 1.70 162 99 .61 01-82 Rain 5 mm 
0 7 Rain 3 nun 

2 1 . 6 1  145 94  .65 18 Trim 
20, :i. I. Rain 9 mm 

3 1.10 124 64 .52 

Dec 1 1.37 80 
2 1 .OO 17 Trr . 64 mm 
3 

*Net radiation R measured over a1fa.l.fa field, 
n 
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Table 3 .  Maximum hour ly  lawn evaporat ion i n  mm; a l s o ,  n e t  r a d i a t i o n  
over a l f a l f a  on same day, t h e  evapora t ive  f l u x  and r a t i o  
of l a t t e r  two, 1963. - 

Month Decade Evap . Dtiy Rn* -ET rnax . -ET/R, 
max . 

Jan  

Feb 

Mar 

Apr 

May 

Jun 

Ju 1 

Aug 

Sep 

Oct 

Nov 

- - 

*Net r a d i a t i o n  (R ) measured over a l f a l f a  f i e l d .  
n 
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Table 4,  Monthly t o t a l s  of i r r i g a t i o n ,  ra in ,  evaporation, and 
drainage of a lawn as  measured by a lysimeter,  1963. 

Month Irr . Rain Tota l  Evap . Drain Tota l  
Add. Loss 

m mm rnm mm 

Jan 

Feb 

Mar 

A P ~  

May 

Jun 

Ju 1 

Au g 

S ~ P  

Oct 

Nov 

Dec 

To ta l  
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Month 
. - 

Figure 1. Average and maximum daily evaporation i n  mm by decades 
from a bemda-ryegrass lawn in  1963, Phoenix, Arizona 
(solid l i n e  i s  average, interrupted l ine i s  maximum). 

i 
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PART 5. LYSIMETER STUDY OF THE SALT BALANCE OF AN IRRIGATED SOIL 
OVER A THREE-YEAR PERIOD. 

INTRODUCTION : 

The weighable lys imeter  i n s t a l l a t i o n  a t  t h e  United S t a t e s  Water 

Conservation Laboratory was cons t ruc ted  f o r  t h e  purpose of g e t t i n g  

r e l i a b l e ,  d i r e c t  measurements of evapora t ive  f l u x .  However, i n  t h e  

process  of c r e a t i n g  d i f f e r e n t  s u r f a c e  condi t ions  and growing crops on 

t h e  lys imeters  and t h e  surrounding f i e l d ,  i t  was necessary  t o  pay some 

a t t e n t i o n  t o  the  s a l t  ba lance  of t h e  s o i l  i n  t h e  lys imeter .  The s u r -  

f a c e  was i r r i g a t e d  and a l s o ,  i n  o rde r  t o  main ta in  moisture condi t ions  

throughout t h e  p r o f i l e  i n  t h e  lys imeter  i d e n t i c a l  t o  those  ou t s ide  of 

i t ,  excess water  was removed wi th  a drainage i n s t a l l a t i o n  provided f o r  

t h i s  purpose a t  t h e  time of i n s t a l l a t i o n .  

For d e t a i l s  on t h e  lys imeter  cons t ruc t ion  and ope ra t ion  t h e  reader  

i s  r e f e r r e d  t o  t h e  annual  r e p o r t  f o r  t he  ca lendar  year  1960. It s u f -  

f i c e s  t o  s t a t e  he re  t h a t  both t h e  evapora t ive  lo s ses  and the  amounts 

of water  appl ied  and removed could be  determined wi th  g r e a t  p rec i s ion .  

Also, t h a t  from t h e  beginning, a po l i cy  was followed t o  determine the  

t o t a l  s a l t  and c h l o r i d e  content  of t h e  i r r i g a t i o n  and t h e  dra inage  

water .  Thus an  oppor tuni ty  a rose  t o  s tudy  the  s a l t  ba lance  of t h e  

lys imeters .  I n t e r e s t  i n  t h i s  ma t t e r  was increased  by t h e  f a c t  t h a t  

i n  a t tempt ing  t o  e s t a b l i s h  an a l f a l f a  cover on a t  l e a s t  one lys imeter ,  

symptoms of excess  s a l i n i t y  i n  t h e  crop were noted.  

PROCEDURE : 

The ly s ime te r s  were i n s t a l l e d  i n  l a t e  1960 and dur ing  t h e  ca lendar  

year  1961 they were, f o r  t h e  most p a r t ,  i n  ba re  s o i l .  Ear ly  i n  1962 an 

a t tempt  was made t o  e s t a b l i s h  an a l f a l f a  cover bu t ,  t h i s  be ing  a f a i l u r e ,  

a crop of sudangrass was e s t a b l i s h e d  dur ing  June and i t  was grown through 

t h e  month of September. I n  October, t he  cover was changed t o  a l f a l f a  i n  

which i t  has  been c o n t i n u a l l y  throughout t h e  yea r  1963. 

The i r r i g a t i o n  schedule i n  1961 was p r imar i ly  d i c t a t e d  by t h e  need 

t o  wet the  s u r f a c e  from time t o  time f o r  s t u d i e s  of evaporat ion from 

ba re  s o i l .  By and l a rge ,  t h e  a p p l i c a t i o n s  of water  exceeded the  evapora- 

t i o n  Loss only s l i g h t l y .  A s i m i l a r  po l i cy  was followed du r ing  1962, 

however, dur ing  t h e  summer per iod  much g r e a t e r  l o s ses  of water  took p l ace  
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i n  consequence of t h e  sudangrass cover ,  than occurred during 1961. 

Or ig ina l ly ,  t h e  a l f a l f a  cover was t r e a t e d  r a t h e r  i n  t h e  same 

way a s  t h e  sudan cover  bu t  by t h e  end of t h e  f i r s t  h a l f  of 1963, i t  

became apparent  t h a t  i n  one of t h e  lys imeters  and i n  s e v e r a l  s p o t s  

i n  t he  f i e l d  t h e  a l f a l f a  showed t h e  r e s u l t  of excess  accumulation 

of s a l t s .  Consequently, much g r e a t e r  a p p l i c a t i o n s  of i r r i g a t i o n  

water were made and from t h e  v i s u a l  symptoms i t  soor became evident  

t h a t  t h e  leaching  t rea tment  was succes s fu l .  A s  s t a t e d  above, t h e  

dra inage  water  a s  w e l l  a s  t h e  i r r i g a t i o n  water  v t L  analyzed f o r  t o t a l  

s a l t s  and ch lo r ides .  In  add i t i on ,  t h e  complete chmLcal compcsition 

of t h e  waters  was analyzed dur ing  1963, The methods f o r  a n a l y s i s  

were thoserecommended i n  Handbook 60 of t he  l;"r.ited S t a t e s  Department 

of Agr i cu l tu re .  

From t h e  measurements of evaporat ion,  a daELy b a l a ~ c e  of t o t a l  
3 

water conten t  i n  t h e  lys imeter  s o i l  column, 1 m -  by 1 , 5  m could be 

ca l cu la t ed .  In  add i t i on ,  pe r iod ic  measurements of t h e  volumetr ic  

moisture content  of t h e  s o i l  was made by the  neut ron  method i n  t h e  

c e n t e r  lys imeter  (number 2 ) ,  These d a t a  gene ra l ly  agree  q u i t e  w e l l  

wi th  t h e  d i r e c t  de te rmina t ion  of t h e  water  conten t  of the column. 

Drainage took p l ace  i n t e r m i t t e n t l y ,  u sua l ly  a f t e r  heavy a p p l i c a t i o n s  

of t h e  i r r i g a t i o n  water .  The s o i l  was dra ined  t o  a t ens ion  of approxi-  

mately 100 mb. I n  one of t h e  lys imeters ,  t h e  s o i l  mois ture  t ens ion  

was c o n t i n u a l l y  monitored by means of a Lensiometer a t  1 , 4  m below the  

su r f  ace.  

The d a t a  on mois ture  content ,  moisture d i s t r i b u t i o n ,  s o i l  h e a t  flow, 

and s o i l  temperature a l l  i n d i c a t e  t h a t  t he  phys i ca l  p r o p e r t i e s  of t h e  

s o i l  column under s tudy  were c l o s e l y  i d e n t i c a l  t o  those  i n  t he  surround- 

i ng  f i e l d  where s i m i l a r  measurements were made. 

No accounting has  been made f o r  t h e  minera ls  removed a s  a p a r t  of 

t he  crop. Twice i n  1962 a sudangrass crop was c u t  and removed and the  

same was done twice i n  1963 wi th  t h e  a l f a l f a .  For t h e  most p a r t ,  che 

cover was trimmed and t h e  c l i p p i n g s  were allowed t o  la7.1, and decay. 

We b e l i e v e  t h a t  n e g l e c t i n g  t h e  minera l  conten t  of t h e  crop i s  of no 

s i g n i f i c a n t  i n f luence  on t h e  da t a .  
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RESULTS AND DISCUSSION: 

The t o t a l  amount of water  appl:led torr each lys imeter  dur ing  t'he 

three-year  per iod  i s  given i n  Table 1. The am.oun,ts by year  r e f l e c t  

t h e  management p r a c t i c e s  d tscussed  above. During 1961 and 1962 t h e  

i r r i g a t i o n  water  used was t h e  ta.p water .  A t g ~ i e a l  a n a l y s i s  

of thi.s t a p  water  i s  given i n  Table 2. iBa-.is water  runs  c l o s e  t o  2,0019 

ppm to t a l .  s a l t s ,  During 1963 the 'I.aboratory was conz.ec"id t o  Phoenix 

c i t y  wa.ter which r e s u l t e d  i n  a ra . ther  d i f f e r m t  a n a l y s i s  a:iso t y p i f i e d  

i n  Table 2. The f i e l d  surrounding the Lysimeters was i r r i g a t e d  wi th  

su r f  ace  wa.ter o r  wi th  we:!.L water., depending o.1 i t s  atra.:'rla.%lil.i.t5;.. The 

well, water  :esembles c l o s e l y  the  t a p  water  -..ppl.i.ed d u r i s g  1961-1962, 

whereas t he  s u r f  ace  wa.ter de l:f:vexed by t h e  i r r f  g a t  ion  p r o j e c t  i s  

 similar i n  q u a l i t y  t o  rhc-! t a p  water ~ 1 2 4  dur ing  1963. 331 f a c t ,  t'he 
4 

Ci ty  of Phoenix d r ink ing  water  i.3 der ived  from the sane su r f ace  water .  

It may be seen i n  boqh cases  t h a t  sodium. c h l o r i d e  c o n s t i t u t e s  

l i t t l e  b e t t e r  than h.al.f of t he  to ta l .  s a l t  level,  of t h e  wa te r ,  h 

Table 3,  t h e  t o t a l  amount of s a l t s  :in k i l o g r m s  per  sq.uarr meter a s  

based on t h e  a c t u a l  a n a l y s i s  of each i.adi.vidua1 a p p l i c a t i o n  i s  given. 

??he change in, the q u a l i t y  of t h e  

apparent .  Evident ly,  dur ing  t h e  
2 

kg m was appl ied ,  equ iva l en t  t o  

Errigat.:on water  dur ing  1963 i s  

three yea r s  a t o r a l  of about 4.5 

some 45 me t r i c  tons  per  h e c t a r e  

(roughly 20 tons  t o  t h e  a c r e ) .  

Evaporation on each lys imeter  dur ing  each year  i s  given i n  

Table 4. There i s  some v a r i a t i o n  between ly s ive t e r s  because they were 

no t  always i d e n t i c a l l y  t r e a t e d ,  nor was development of t h e  crop always 

i d e n t i c a l  a s  was des i r ed .  Nevertheless ,  the  v a r i a z i o n  i s  we11 w i t h i n  

10 percent .  

The t o t a l  amount of water  leached by dra inage  from t h e  lys imeter ,  

r e f l e c t s  t h e  v a r i a b i l i t y  i n  t h e  evapora t ion ,  It i s  given i n  Table 5 ,  

These d a t a  show t h a t  dur ing  1961-1962 t h e  dra inage  from t h e  Lysimeters 

was roughly equal  t o  18 percent  a£ the aaou3t of water  a p p l i e d ,  h r -  

ing  1963, t h i s  f r a c t i o n  was cons iderable  g r e a t e r ,  running approximately 

20 percent .  The removal of s a l t s  by dra inage  is  given i n  Table 6.  

Again we can s e e  he re  t h a t  dur ing  1961-1962 t h e  removal of s a l t s  was 
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nominal only, but t h a t  i n  1963 a considerable amount of s a l t s  were 
- 2  

leached out  t o  a t o t a l  average of 2.4 kg m . The t o t a l  f o r  the  - 2 
three-year  period i s  3.22 kg m which, when combined with the da ta  

i n  Table 3 would lead one t o  be l ieve  t h a t  t h e r e  should be a pos i t ive  - 2 
s a l t  balance of about 1.1 kg m ;. 

An addikional  i l l u s t r a t i o n ,  i n  more d e t a i l ,  of the  r e s u l t s  as 

given above i s  a v a i l a b l e  i n  Figures 1, 2, and 3 which r e f e r  t o  

1ye~i.neters I, 2 an 4 reopect ive ly ,  The behavior of eke three  

lysimeters  i s  not  too d i f f e r e n t  but  s ince  they were not  always t r e a t e d  

the  same, i t  was not  considered c o r r e c t  t o  average the  r e s u l t s  f o r  the  

three .  Figures 1, 2 and 3 give, by months, the  t o t a l  water balance, 

the  t o t a l  s a l t  balance, and the  ch lo r ide  balance of t h e  th ree  l y s i ~ e t e r s .  

Since d i f fe rences  between lysimeters  a r e  minor, the  follow-ng d i s -  

cussion w i l l  r e f e r  t o  a l l  three,and individual  f ea tu res  may be v e r i i i e d  

by the  da ta  a s  given f o r  individual  lysimeters .  During 1961 the  wat8r 

balance was f i r s t  s l i g h t l y  negative and then p o s i t i v e  during the  second 

q u a r t e r ,  This was caused by an experiment i n  which the  a r e a  was kept 

flooded for two days, For the  remainder of the  year, the  

was s l i g h t l y  negative and a s  a r e s u l t  we see  a slow accumulation of 

t o t a l  s a l t s  and of chlor ides  i n  the  lysimeter ,  During 1962, i n i t i a l l y  

the  same s i t u a t i o n  continued u n t i l  the  sudangrass s t a r t e d  growing and 

evaporating large  q u a n t i t i e s  of water.  Accordingly, during quar t e r s  

th ree  and four  of 1962 the  water balance became negative and accumula- 

t i o n  of s a l t  proceeded rapidly ,  reaching about a maximum by the  end of 

1962, both i n  terms of t o t a l  s a l t s  and chlor ides .  

During the  f i r s t  ha l f  of 1963, the  i r r i g a t i o n  schedule was stepped 

up, but  s t i l l  r e s u l t e d  i n  a l a rge ly  negative water balance and a main- 

tenance of the  s a l t  balance a t  the  same l e v e l ,  During the  second and 

t h i r d  quar ter ,  however, l a rge  amount of i r r i g a t i o n  water were applied 

on purpose, r e s u l t i n g  i n  a p o s i t i v e  water balance during two months and 

an appreciable dep le t ion  of s a l t s ,  In  the  t h i r d  quar t e r ,  t he  a l f a l f a  

was allowed t o  w i l t  and a very  low water balance was obtained. During 

t h i s  period, of course, the re  was no add i t iona l  reduction of the  t o t a l  

s a l t  content .  During the  f o u r t h  quar t e r  a normal opera t ion  was resuined. 
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A nilg;:tive water balance of about 300 mnl would correspond LL: a p r o f i l e  

t h a t  was i n  ics e n t i r e t y  a t  t he  15 atmosphere percentage.  rnus, 

may be seen t h a t  a t  no time d id  the  p r o f i l e  reach t h i s  poinc.compleccry, 

Sa tu ra i ion  of t he  p r o f i l e  would r e s u l t  i n  a  p o s i t i v e  wzter  balance of 

somewhere around 175 mrn. 

The s i g n i f i c a n t  information i n  Figures  1, 2, and 3 i s  t h a t ,  whercas 

a t  rhe end of 1963 t h e  c h l o r i d e  balance had e s s e n t i a l l y  r e tu rned  t o  i t s  

s t a r t L g  poin t ,  t h i s  was not  t r u e  of the  t o t a l  s a l t  balance.  It should 

be rti-t2mbered t h a t  both a r e  obtained by comparing the  inf low wi th  the  

ou t ,  of s a l t  and a r e  not  based on a c t u a l  measurement. Thus, i f  a 

baldric: was made of t o t a l  s a l t s ,  one would conciude t h a t  the s a l i = l i t >  

of L 1~ s o i l  was h igher  than i t  was a t  t he  beginning and t h a ~  addl,;onill 

l e a t n ~  ig might be requi red  whereas, i n  f a c t ,  t he  c h l o r i d e  b~ :anc t  woui -i 

g ive  the  opposed conclusion.  

The explana t ion  i s  suggested by t h e  a n a l y s i s  of t he  drainage water ,  

exemplified i n  Table 7 .  These da t a  r e f e r  t o  1963 and a r e  separa1 .d  :.:LO 

t he  f i r s t  and second h a l f  of t h e  yea r .  The d i f f e r e n c e  l i e s  i n  t h s  

tot ' r l  concent ra t ion ,  be ing  h igher  a t  f i r s t .  The r e l a t i v e  chemical 

con,pmisun i s  not: d i f f e r e n t .  However, t h e r e  i s  a d i f f e r e n c e  i n  t h e  

r e L t i v e  chemical compositionbetween t h e  dra inage  and t h e  i r r i g a t i o n  

watex, a s  shown i n  Table 2. 

i ~ n c e  the  ana lyses  i n  Tables 2 and 7 a r e  exemplary only an 

accum t i n g  of t he  t o t a l  s i t u a t i o n  i s  given i n  t a b l e s  8 and 9.  In  Tao  t? 

8 we .;ee the  r d t i o  of c h l o r i d e s  t o  t o t a l  s a l t s  i n  the i r r i g a t i o n  wi*, -r  

whic; r.ur,s about 35 percent  dur ing  t h e  f i r s t  two years  and about .; 

perccni  dur ing  the  l a s t  year ,  r e f l e c t i n g  aga in  t h e  d i f f e r e n t  source of 

i r r i g a t i o n  water .  Table 9 shows the  same r a t i o  i n  t h e  d - r a i ~ a g e  water  

which, dur ing  1961-1962, runs s l i g h t l y  h igher  b u t  i s  almosr doubled i n  

1963, t h i s  being t h e  year  dur ing  which t h e  g r e a t e r  p a r t  of t h e  S L  - s  

were removed (see  Table 6 ) "  

Thts, it appears  t h a t  i n  t h e  process  of concehrra t ion ,  leaching,  

and uptake of water  by p l a n t s ,  t he  water  appl ied  a s  i r r i g a t i o n  water  

underzocs a  chemical change when i c  becomes a  s o i l  s o l u t i o n .  

Actual ly,  we must d i s t i n g u i s h  between t h e  events  of 1961-1962 and 

those  G, 1963. I n  t h e  former per iod ,  t h e  i r r i g a t i o n  was l o c a l  w e l l  
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water and, i n  a sense, was already a na tura l  drainage water, Thus, 

the  chemical nature of the i r r i ga t i on  water r e f l e c t s  the processes 

taking place i n  the s o i l  from which it  i s  derived and it i s  merely 

reapplied t o  the surface,  Accordingly, as may be seen i n  Tables 2 

and 7, the  chemical composition of the drainage water dkring 

1961-1962 i s  not very much d i f fe ren t  from tha t  of the  i r r i ga t i on  

water except t ha t  i t  i s  more concentrated. Bowever, when surface 

water was being used as a source of i r r i ga t i on  water i n  1963, there 

i s  a large difference between i r r i ga t i on  water and drainage water. 

The i r r i g a t i o n  water i s  bas ica l ly  a sodhm, magnesium, bicarbonate, 

and chloride mixture, whereas i n  the drainage water bicarbonate i s  

much reduced and chlorides and su l fa tes  increase<:. Also, we f ind 

n i t r a t e s  from the f e r t i l i z a t i o ~  and 'biological a c t i v i t y  i n  the s o i l .  

As t o  the  cations,  sodium i s  enriched i n  the drainage water primarily 

a t  the  expense of calcium and, t o  a lesser  extent  magnesium. Thus, 

during 1963 the  leaching process seems t o  consis t  primarily of the 

removal of excess sodium chloride and sodium su l f a t e  and the conver- 

sion of soluble bicarbonates t o  unsoluble calcium carbonate. 

The data presented here a re  probably not su f f i c i en t l y  complete, 

nor en t i r e ly  conclusive. Hevertheless, s ince they were obtained on 

a controlled s i t ua t i on  tha t  c losely  resembled the processes resu l t ing  

from i r r i g a t i o n  and drainage of a na tura l  s o i l  p rof i l e ,  they suggest 

two pr inciples  of p r ac t i c a l  importance. The f i r s t  of these i s  tha t  

i t  may not always be possible t o  obtain the s a l t  balance of the s o i l  

by the mere consideration of the input and output of s a l t  i n  the 

i r r i ga t i on  and drainage waters,respectively.  In the  case considered 

here, such a procedure would lead t o  a considerable overestimate of 

the  r i s e  i n  s a l i n i t y  and a consequent overestimate and waste-of leach- 

ing water. A second conclusion i s  tha t  when s o i l  i s  i r r i ga t ed  with, 

what i s  i n  essence an equilibrium leachate, t ha t  the r e l a t i v e  cornposi- 

t ion of the drainage water i s  qu i te  s imilar  t o  tha t  of the  i r r i ga t i on  

water and tha t  i n  such a case the s a l t  balance can simply be obtained 

by addit ion and subtraction.  

I f  we may assume tha t  the chloride i s  not affected by any chemical 

reaction and moves through the s o i l  column i n  a simple fashion, then we 
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may conclude t h a t  of t h e  t o t a l  amount of s a l t s  app l i ed  wi th  i r r i g a t i o n  

water  over a th ree-year  per iod ,  about one- th i rd  was removed from t h e  

s o i l  s o l u t i o n  by becoming unsoluble  and thus d i d  no t  c o n t r i b u t e  t o  t h e  

s a l t  ba lance .  However, i t  i s  l i k e l y  t h a t  i n  a c t u a l i t y  t h i s  s ta tement  

could be made only t o  t h e  s a l t s  appl ied  dur ing  1963 i n  which case  we 
0 

would have t o  say t h a t  out of t he  t o t a l  amount of 4.42 kg mL appl ied  
2 

i n  t h e  i r r i g a t i o n  water  about 1 .3 kg m was precipi ta ted.  A s i m i l a r  

favorable  s i t u a t i o n  may n o t  be expected i f  l o c a l l y  pumped i r r i g a t i o n  

water  i s  used, though our  d a t a  g ive  no c l u e  d i r e c t l y  bea r ing  on t h i s  

i s  sue. 

SUMMARY AND CONCLUSIONS: 

Three lys imeters  f i l l e d  w i ~ h  Adelanto loam and s i t u a t e d  i n  a f i e l d  

of t h e  same s o i l  were observed over a th ree-year  per iod  a s  t o  t h e  q u a n t i t y  

and chemical composition of i r r i g a t i o n  and dra inage  wa te r s ,  In 1961 t h e  

f i e l d  was bare,  i n  1962 i t  had a sudangrass crop, and i n  1963, a l f a l f a .  

During 1961-1962 t h e  i r r i g a t i o n  water  was l o c a l l y  pumped and r e l a t i v e l y  

concent ra ted  wi th  an average s a l t  load of 2,080 ppm. During 1963 su r f ace -  

der ived  water was used f o r  i r r i g a t i o n  wi th  a t y p i c a l  s a l t  load of 700 ppm. 

Also, dur ing  1963 r a t h e r  l a r g e  amounts of i r r i g a t i o n  were app l i ed  t o  

r e s t o r e  a f abo rab le  l e v e l  of s a l i n i t y  i n  the  s o i l .  During 1961-1962, 

dra inage  and i r r i g a t i o n  waters  were a l i k e  i n  chemical composition though 

t h e  former were much more concent ra ted ,  up t o  10,000 ppm. During the  

same per iod ,  t he  dra inage  amounted t o  roughly 10 percent  of t he  amount 

of water  app l i ed  and, i n  consequence, a slow b u t  p e r s i s t e n t  r i s e  i n  

s a l i n i t y  was observed u n t i l  t h e  t o t a l  amount of s a l t s  accumulated i n  t h e  

s o i l  p r o f i l e  was about 2.6 kg m-2, t h e  lys imeters  having a depth of 1.5 m. 

During 1963, i n  consequence of i r r i g a t i o n  wi th  t h e  l e s s  s a l t y  water  i n  

more copious q u a n t i t i e s ,  s a l i n i t y  was reduced. A t  t h e  end of 1963, t h e  

ch lo r ides  were back t o  the  o r i g i n a l  l e v e l ,  i n d i c a t i n g  t h a t  s a l i n i t y  had 

been reduced t o  t h e  l e v e l  e x i s t i n g  a t  t he  beginning of 1961. During 

t h i s  process  t h e  dra inage  waters  d i f f e r e d  m a t e r i a l l y  i n  chemical 

composition from t h e  i r r i g a t i o n  water .  The i r r i g a t i o n  water was 
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b a s i c a l l y  a mixture  of sodium, magnesium, calcium, b icarbonate ,  and 

c h l o r i d e  whereas t h e  drainage weter  was predominately sodium c h l o r i d e  

wi th  marked reduct ion;  i n  b icarbonate  and cale.",u.m, and an 5ncrease i n  

s u l f a t e ,  

It i s  be l ieved  t h a t ,  bes ides  t he  l a r g e r  quantities of water  app l i ed ,  

t h e  decrease  i n  s a l i n i t y  i s  a l s o  caused by the  na tu re  of the  i r r i g a t i o n  

water ,  g iv ing  r i s e  t o  t h e  formation of i n so lub le  calcium carbonate  dur-  

i ng  t h e  leaching  process .  This assumption i s  f u r t h e r  s u b s t i a n t i a t e d  by 

the  f a c t  t h a t  t h e  t o t a l  s a l t  balance,  a s  der ived  from t h e  total .  s a l t  

load of t h e  i r r i g a t i o n  dra inage  waters  a t  t h e  end of 1963 shoved a 
- 2 

p o s i t i v e  va lue  of about 1 , 3  kg m , whereas t h e  c h l o r i d e  balance i n -  

d i ca t ed  t h a t  leaching  had r ec rea t ed  t h e  o r i g i n a l  s i t u a t i o n ,  Thus, of 
- 2 

t h e  t o t a l  amount of s a l t s  appl ied ,  3 , 2  kg m over t h e  three-year  

per iod,  one- th i rd  d i d  not  reappear  i n  t he  dra inage  water .  

It would be erroneous, then, t o  base an e s t ima te  of the  s a l i n i t y  

of t h e  s o i l  on a computation of input  and output  of s a l t  on ly ,  Such 

a procedure may only be warranted i f  t he  s o i l  i s  i r r i g a t e d  wirh what 

i s  e s s e n t i a l l y  a dra inage  water  t o  begin w i t h ,  This  was the  case  

dur ing  1961 and 1962, During 1963 a f o r e i g ~  water. was used f o r  t r r i -  

ga t ion  and i t s  chemical  i n t e r a c t i o n  wi th  the  s o i l  resulted i n  the  

f a c t  t h a t  a s imple s a l t  ba lance  could no longer  be  obtained.  Xn 

a c t u a l i t y ,  t he  s a l i n i t y  s i t u a t i o n  was much more f avo rab le  than w o d d  

be h d i c a t e d  by a tota.1 s a l t  ba lance  shee t  s i n c e  of t h e  t o t a l  amounc 

of s a l t s  app l i ed  dur ing  1963 approximately one-half seemed t o  have 

been rendered unsoluble .  
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Table 1. To ta l  amount of water i n  mm appl ied  
t o  lys imeters ,  Jan  1961 through Nov 
1963. R a i n f a l l  i s  no t  inc luded ,  

- - 

T o t a l  3937 3895 39 16 39 16 

Table 2. Chemical composition of i r r i g a t i o n  water ,  Local 
w e l l  water was used i n  1961-1962; c i t y  water  
( su r f ace  water)  i n  1963. Analysis  i s  average of 
s e v e r a l  i r r i g a t i o n s .  

Carbonate 0 .2  1 0 . 1  1 

Bicarbonate  5 .2  17 3.4 46 

Chloride 20.7 66 3.4 46 

N i t r a t e  0.7 2 0.1 1 

S u l f a t e  4.5 14 0.4 6 

Anions 3 l . 3  7.4 

Sodium 19.3 6 2 3.6 46 

Calcium 6.5 21 2.2 28 

Magnes ium 5.4 17 2.1 26 

Cat ions  31.2 7.9 
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Table 3. Total amount of s a l t s  applied t o  
lysimeters i n  kg m- , Jan 1961 
through Nov 1963. 

#1 #2 # 3 Ave , 

Total  4.45 4 ,31 4,36 4,38 

Table 4. Total amount of evaporation i n  mm 
from lysimeters, Jan 1961 through 
Nov 1963. 

# I  #2 1 3  Ave . 

- - -- 

Total 3908 3946 3954 3936 

Table 5. Total amount of drained water i n  mm 
from lysimeter, Jan 1961 through 
Nov 1963. 

Total 577 60 1 50 2 560 
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- 2 
Table 6.  Tota l  amount of s a l t s  i n  kg m 

removed by drainage from lysimeters  
Jan 1961 through Nov 1963. 

#! 1 # 2  # 3 Ave . 

Tota l  3.45 2.99 3.31 3.22 

Table 7, Chemical composition of drainage water during 
f i r s t  and second hal f  of 1963, based on a l l  
a v a i l a b l e  da ta .  

F i r s t  Half Second Half 

meq / 1 % meq / 1 % 

Carbonate 

Bicarbonate 

Chloride 

N i t r a t e  

Su l fa te  

Anion 

Sodium 

Calcium 

Magne s ium 

Cat ion 
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Table 8. Ratio of ppm chlor ide  t o  ppm t o t a l  
s a l t s  i n  i r r i g a t i o n  water of lys imeters ,  

# 1 # 2 #/ 3 Ave . 

Table 9 .  Ratio of ppm chlor ide  t o  ppm t o t a l  
s a l t s  i n  drainage water of lysimeters  

# 1 # 2 # 3 Ave . 
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1961 - Bare 1962 - Sudan 1963 - Alfalfa 

Figure 1. Monthly balance of water,  t o t a l  s a l t s  and chlor ides  f o r  lysimeter  1. 
Annual Report of the U.S. Water Conservation Laboratory



1967 - B a r e  9963 - A l f a l f a  

Figure 2, Monthly balance of water, t o t a l  s a l t s  and ch lo r ides  f o r  lysimeter 2. 
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1961 - Bare 62 - Sudan 1963 - Alfalfa 

Figure 3. Monthly balance of water, t o t a l  s a l t s  and chlorides for  lysimeter 3. 
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PART 6 .  CONSTRUCTION AND EVALUATION OF A SIMPLE HYDRAULIC LYSIMETER. 

INTRODUCTION.: 

The purpose of t h i s  i n v e s t i g a t i o n  i s  t o  determine whether o r  no t  

i t  i s  poss ib l e  t o  c o n s t r u c t  a simple, weighable lys imeter  t h a t  can be 

used i n  t h e  f i e l d  f o r  t h e  rou t ine  de te rmina t ion  of consumptive use .  

The lys imeter  should be s u f f i c i e n t l y  accu ra t e  t o  g e t  a reasonable 

e s t ima te  of d a i l y  va lues  and should be  more than s u f f i c i e n t  t o  g ive  

accu ra t e  va lues  over per iods  of s e v e r a l  days. The lys imeter  should 

be reasonable i n  c o s t ,  f o r  example, c l o s e  t o  $100, and r e q u i r e  no 

s p e c i a l  m a t e r i a l s ,  t o o l s ,  o r  s k i l l s  i n  cons t ruc t ion  and ope ra t ion .  

A hydraul ic  lys imeter  was chosen because even a f a i r l y  simple 

balance-type mechanism would probably be  too  expensive and, a l s o ,  

t he  l i t e r a t u r e  mentions a t  l e a s t  3 ins tances  where a simple s o l u t i o n  

was found by t ak ing  an  inner  tube o r  s i m i l a r  f l e x i b l e  conta iner ,  f i l l -  

i ng  i t  wi th  water  and l e t t i n g  i t  be  t h e  support  f o r  a conta iner  f i l l e d  

wi th  s o i l .  The only in s t ance  i n  which an accu ra t e  d e s c r i p t i o n  was 

given was i n  work by Winter i n  England which r e f e r r e d  t o  garbage can- 

s i z e  con ta ine r s  t h a t  were supported by a smal l  i nne r  tube.  No exac t  

d a t a  on performance, s t a b i l i t y ,  and d r i f t  were a v a i l a b l e ,  however. 
3 

We decided t o  cont inue  wi th  a 1 m lys imeter  a s  a s tandard  s i z e  

( s ee  Annual Report f o r  1962). Such a lys imeter ,  when f i l l e d  wi th  

moist s o i l ,  w i l l  have an approximate weight of 1700 kg a t  a moisture 

content  of 0.4 volume f r a c t i o n  and 1500 kg a t  a moisture of 0 .2  

volume f r a c t i o n ,  depending on the  d e n s i t y  of t he  s o i l  and the  na tu re  

of t he  m a t e r i a l  out  of which t h e  s o i l  conta iner  i s  made. It was 
2 decided t o  support t h i s  weight', d i s t r i b u t e d  over an a r e a  of 1 m , with  

a water  con ta ine r  made out  of some form of tubing,  a f t e r  s e v e r a l  

experiments wi th  d i v e r s e  s i z e  inner  tubes had f a i l e d .  The d i f f i c u l t y  

w i th  the  l a t t e r  was p r imar i ly  t h a t  t h e  s t r e t c h i n g  of t h e  rubber caused 

i n s t a b i l i t y  and made the  con ta ine r  lean  toward one s i d e  o r  t h e  o t h e r .  

In  previous work along t h e  same l i n e s  repor ted  i n  t h e  l i t e r a t u r e ,  t h e  

s o i l  con ta ine r s  were much l e s s  deep than 1 m and t h e  pressures  and 

consequent s t r e t c h i n g  of t h e  rubber d id ,  obviously, no t  c r e a t e  any 

problems . 
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F i r s t  at tempts were made with 5 cm diameter l a y - f l a t  g r e a p o l y -  

ethylene tubing of 1 mm wal l  thickness, layed out  i n  back-and-forth- 
2 loops giving a support a r e a  of roughly 0.5 m . This ma te r i a l  was not 

s a t i s f a c t o r y  because, evidently,  the  polyethylene tubing leaked water 

s u f f i c i e n t l y  so  a s  t o  cause a continuous d r i f t  i n  the  readings of a 

manometer connected t o  the  tubing. 

Another ma te r i a l  which was not  s a t i s f a c t o r y  was a nylon re inforced 

bu ty l  tubing 5 cm i n  diameter,  This tubing was made wi th  a seam, which 

appeared t o  leak i n  s p i t e  of e f f o r t s  t o  obta in  a pe r fec t  sample from 

the  manufacturer. Even when no v i s i b l e  leaks were present ,  the  tubing 

would lose water cont inual ly  under pressure and was considered unsui table .  

F inal ly ,  a s  an acceptable ma te r i a l  we found ordinary, 5 cm diameter 

l a y - f l a t  b u t y l  tubing which i s  a standard i t e m  i n  the  cons t ruct ion  in -  

dustry.  Its use  w i l l  be described i n  f u r t h e r  d e t a i l  below. 

CONSTRUCTION DETAILS: 
3 The s o i l  conta iner  i s  1 m on the  ins ide  and is  made out of .75- 

inch marine plywood, re inforced with s t e e l  corner braces where neaessary 

(see Figure 1 ) .  The outs ide  conta iner  i s  made t o  provide a clearance of 

2.5 cm a l l  around and i s  a l s o  made out  of '75-inch marine plywood, rein- 

forced i n  the  corners with s t e e l .  In the  bottom, a s t r i p  of wood extends 

about 5 cm from the  sidewalls  so  a s  t o  make su re  t h a t  the  tubing, when 

l a i d  down, w i l l  f u l l y  support the  s o i l  conta iner .  The height  of the  

outer  conta iner  i s  so  dimensioned t h a t ,  when supported, the  edges of 

the  inner conta iner  and outer  conta iner  w i l l  be l e v e l  so  t h a t  the  gap 

can be sealed with a f l e x i b l e  tape t h a t  adheres t o  the  hor izon ta l  rims 

of inner and ou te r  conta iner .  A l l  wood p a r t s  a r e  given a double coat -  

ing of c o a l t a r  epoxy-paint .  

The 5 cm diameter b u t y l  tubing i s  placed on the  bottom i n  a s p i r a l  

with square s ides  which requi res  approximately 15 m of tubing ( the  

tubing i s  sold  i n  17 m [50 foo t  1 lengths) .  The ends of the  tubing 

a r e  vulcanized and clamped with a f l a t  clamp made out  of two metal 

pieces bol ted  together ,  The outs ide  end of the  tubing i s  provided 

with a standard inner tube valve  stem, which is  vulcanized i n .  To the  

valve stem is  connected a s u f f i c i e n t  length of .5 cm inner diameter 
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tub ing  ( b u t y l  rubber o r  pol-yvinylchloride) which ends a t  t h e  bottom of 

a s tandard  l abo ra to ry  b u r e t t e .  For t h e  l a t t e r ,  t h e  cheapest  type 

b u r e t t e  without  va lve  and wi th  500 d i v i s i o n s  i s  s u f f i c i e n t .  

In  assembling t h e  lys imeter ,  t h e  tub ing  i s  f i r s t  evacuated t o  g e t  

r i d  of most of t h e  a i r  and, then, water  i s  admit ted t o  t h e  tub ing  under 

pressure .  The tub ing  should be f i l l e d  t o  a r e l a t i v e l y  low pressure ;  

t h e  exac t  amount is  n o t  easy t o  p red ic t .  Roughly t h e  p re s su re  should 

be about .025 kg cmW2 (.35 p s i ) .  The tubing i s  then  c losed  o f f  and i s  

c o i l e d  i n  t h e  bottom of t h e  ou te r  con ta ine r .  When f u l l y  loaded, the  
2 

support a r e a  w i l l  be  about 0.7 m thus  r e s u l t i n g  i n  an ampl i f i ca t ion  

of t h e  p re s su re  by about 1.3. 

Following t h e  i n s t a l l a t i o n  of t h e  tub ing , the  empty inner  con- 

t a i n e r  i s  pu t  i n  p l ace  and centered  a s  we l l  a s  poss ib l e .  It i s  pro- 

bably adv i sab le  t o  u s e  some removable spacers  a t  t h e  top  r i m  f o r  t h i s  

purpose. S o i l  can than  be f i l l e d  i n t o  the  con ta ine r .  I n  our t e s t s ,  

t h e  load was obtained by us ing  concre te  blocks.  A base load of 1400 

kg was used, which was increased  i n  small  s t e p s  t o  a maximum of 1700 

kg and decreased again.  

The manometer i s  mounted s o  t h a t  t he  middle of t he  range (250 

d i v i s i o n s )  comes a t  about eye l eve l  f o r  t h e  average person, 1.5 m. 

Accordingly, a t  average load the  amount of water  i n  t he  tub ing  

should be such t h a t  a p re s su re  of approximately 2.5 m of water of 
2 

.25 kg cm r e s u l t s .  Since t h e  d i v i s i o n s  on t h e  b u r e t t e  a r e  roughly 

equal  t o  mm we can s e e  t h a t  t h e  manometer w i l l  change by about 1.3 mm 

i f  one kg i s  added t o  t he  lys imeter  o r  1.3 mm f o r  each mm of s u r f a c e  

water  depth.  Accordingly, we should have a lys imeter  w i th  a read-  

a b i l i t y  of somewhere between 0.5 and 1.0 mm of water s i n c e  the  b u r e t t e  

can e a s i l y  be read t o  t h e  n e a r e s t  d i v i s i o n ,  Af t e r  a number of pre-  

l iminary t e s t s  t h e  f i n a l  assembly was examined by a s t a t i c  t e s t  a t  

cons tan t  load over s e v e r a l  days t o  d e t e c t  any d r i f t  i n  t he  system and 

by some 20 cyc le s  of loading and unloading t h e  lys imeter ,  t he  process  

r equ i r ing  roughly a day pe r  cyc l e .  This procedure provides a l s o  a 

t e s t  f o r  d r i f t ,  r e p e a t a b i l i t y ,  and l i n e a r i t y  of t h e  system. A 1 1  

t e s t s  were c a r r i e d  out  i n  t h e  hydraul ics  l abo ra to ry  where temperature 

i s  c o n t r o l l e d  t o  t h e  n e a r e s t  2 C o r  3 C, 
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RESULTS AND DISCUSSION: 

The b u t y l  tub ing  proved t o  be e n t i r e l y  s a t i s f a c t o r y .  S t a t i c  t e s t s  

showed t h a t  a f t e r  an i n i t i a l  per iod  of e q u i l i b r a t i o n ,  poss ib ly  r e l a t e d  

t o  temperature adjustment and adjustments  of t h e  co rne r  fo ld ings  of t h e  

b u t y l  tubing,  t h e r e  was no more than 1 d i v i s i o n  d r i f t  i n  t he  manometer 

reading over a per iod  of many days. Also, t h e  assembly a s  used i s  ve ry  

s t a b l e ,  t h a t  i s  t h e  inner  con ta ine r  has  no tendency t o  l ean  one way o r  

t h e  o the r  and has a very  f i r m  f e e l ,  almost a s  i f  i t  were sea t ed  on a 

s o l i d  foo t ing .  

The r e s u l t s  of t h e  loading t e s t s  were a l s o  s a t i s f a c t o r y .  Usually,  

on t h e  f i r s t  loading and unloading cyc le  a marked amount of h y s t e r e s i s  

was found, t h a t  i s ,  t h e  loading and unloading curves d i d  not  agree  bu t  

were s e v e r a l  manometer d i v i s i o n s  d i f f e r e n t .  However, a l l  fol lowing 

loading and unloading cyc le s  were very  c lose ,  w i th in  the  r e a d a b i l i t y  

of t h e  manometer. Also, t h e  end po in t s ,  t h a t  i s ,  minimum and maximum 

load, were reproduced day i n ,  day out ,  i n  many cyc le s .  An example of 

a t y p i c a l  loading and unloading experiment i s  shown i n  Figure 2. Each 

success ive  po in t  i s  ob ta ined  by adding o r  removing a concre te  block, 

t h e  weight of which i s  approximately 8.5 kg each. The blocks were 

ind iv idua l ly  marked and weighed t o  ob ta in  maximum p r e c i s i o n  i n . t h e  

c a l i b r a t i o n  procedure. F igure  2 not  only i n d i c a t e s  t h a t  i nc reas ing  

o r  decreas ing  t h e  weight has  t h e  same e f f e c t  bu t  a l s o  t h a t  t h e  Pe l a t ion  

s h i p  between manometer reading  and load i s  l i n e a r .  No dev ia t ions  from 

l i n e a r i t y  a r e  g r e a t e r  than t h e  r e a d a b i l i t y  of t h e  manometer. 

The next  s t e p  i n  t h e  eva lua t ion  w i l l  be  t o  t e s t  t h e  performance of 

t he  system under a c t u a l  f i e l d  condi t ions .  It i s  r ecogn ized - tha t  any 

type of hydrau l i c  weighing device  i s  sub jec t  t o  temperature e f f e c t s ,  

r e l a t e d  t o  t he  expansion of t h e  l i q u i d  and t h e  changes i n  i t s  dens i ty .  

With water ,  t he se  changes a r e  minimal and i t  i s  no t  be l ieved ,  wi th  

t h e  p r i n c i p a l  p a r t  of t h e  system deep i n  t h e  ground, t h a t  t hese  w i l l  

g ive  s e r i o u s  d i f f i c u l t y .  Ce r t a in ly  they should n o t  a f f e c t  weekly 

readings  of a s imple hydrau l i c  lys imeter  a s  descr ibed  and probably 

no t  even d a i l y  readings .  Winter i n  h i s  eva lua t ion  a l s o  w r i t e s  t h a t  

no s p e c i a l  p recaut ions  were necessary  i n  England t o  s h i e l d  the  mano- 

meter a g a i n s t  extremes i n  temperature.  This may n o t  prove t o  be 

Annual Report of the U.S. Water Conservation Laboratory



t r u e  i n  our c l ima te .  I n  an a c t u a l  i n s t a l l a t i o n  outdoors  i t  w i l l  be  

necessary  t o  have a  dra inage  system i n  the  lys imeter .  This w i l l  be  

done fol lowing a  scheme s i m i l a r  t o  t h a t  i n  t h e  s i n g l e  load c e l l  

lys imeter  which i s  descr ibed  i n  t h e  Annual Report f o r  1.962. However, 

i t  i s  thought t h a t  f o r  a  low-cost i n s t a l l a t i o n  a  s i n g l e  f i l t e r  candle 

w i l l  probably be s u f f i c i e n t  s i n c e  i t  proved p o s s i b l e  t o  d r a i n  a  1 m 3 

lys imeter  r a t h e r  r a p i d l y  w i ~ h  two f i l t e r  candles .  

F igure  1 i n d i c a t e s  d i ag rama t i ca l ly  t h e  n a t u r e  of t h e  f i e l d  

i n s t a l l a t i o n  wi th  t h e  r i m  of t h e  lys imeter  j u s t  b a r e l y  pro t ruding  

from the  ground and the  manometer a t  eye l e v e l .  Since t h e  inne r  and 

ou te r  con ta ine r s  a r e  connected by a  moisture proof s e a l  t h e r e  i s  no 

reason why t h i s  type of i n s t a l l a t i o n  could n o t  be  f looded over ,  Even 

i f  water  would g e t  i n  t h e  space between t h e  inner  and ou te r  con ta ine r ,  

no damage could r e s u l t  and i t  would be merely necessary  t o  pump t h i s  

water  ou t .  

SUMMARY AND CONCLUSIONS: 

A d e s c r i p t i o n  i s  given f o r  t h e  design of a  1 m3 hydraul ic  lys imeter  

wi th  a d i r e c t  readout  u s ing  a  water  manometer, The purpose of t he  

i n v e s t i g a t i o n  i s  t o  a r r i v e  a t  a  low c o s t  ($100) instrument  t h a t  can be 

used f o r  t h e  r o u t i n e  measurement of consumptive u s e  i n  t h e  f i e l d  f o r  

per iods  of s e v e r a l  days down t o  one day. 

Successfu l  t e s t s  were completed i n  t h e  l abo ra to ry  wi th  a  des ign  i n  

which t h e  con ta ine r s  a r e  made out  of s tandard  plywood and t h e  support  

f o r  t he  s o i l  con ta ine r  ou t  of 5  cm c o l l a p s i b l e  b u t y l  tub ing  t h a t  i s  
- 2 

f i l l e d  wi th  water  t o  a  p re s su re  of approximately .25 kg cm (3.5 p s i ) .  

The t e s t s  showed d r i f t ,  non - l inea r i t y ,  and h y s t e r e s i s  t o  be a l l  l e s s  o r  

equal  t o  t h e  r e a d a b i l i t y  of t h e  manometer which i s  about 1 mm. Accord- 

ing ly ,  t h e  accuracy of t h e  device  i s  judged t o  be between 0.5 and 1 mm 

su r f ace  depth of water ,  A f i e l d  i n s t a l l a t i o n  i s  now under t e s t .  

PERSONNEL: (appl ied  t o  e n t i r e  r e sea rch  o u t l i n e ) .  

C. H. M, van Bavel, L. J. F r i t s c h e n  

Annual Report of the U.S. Water Conservation Laboratory



TOP VIEW 

- 
Soi l 

Manometer 

leve i 

I' Inner bin 

i' Outer bin 

b ~ u t ~ i  tubing 

SECTION OF ASSEMBLY 

Figure lo Top view and vertical section of simple hydraulic lysimeter. 
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Figure Linearity and drift test results of simple hydraulic lysimeter . 
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TITLE: EXCHANGE OF WATER VAPOR WITH PLANT LEAVES AND ITS RELATION TO 

STOMATAL DIFFUSIVE RESISTANCE 

LINE PROJECT: SWC 11-gG1 CODE NO, : Ariz. -WCL-34 

INTRODUCTION: 

The objectives and some of the introductory material have been 

presented in the exploratory report of 1962 entitled 'Water Loss from 

Plants as Related to Stornatal Diffusive Resistance," 

Transpirational water losses have been assumed to follow the 

relationship 

where 
-2 -1 water vapor loss, g cm min 

2 -1 diffusion coefficient of water vapor in air, cm min 

stomata1 pore area, cm 2 

diffusion path length, cm 

water vapor concentration in the substomatal cavity, 

usually assumed to be at 100 percent relative humidity, 

water vapor concentration outside and adjacent to the 

leaf surface, g cm -3 

The use of tritiated water vapor (THO) as a tracer for ordinary 

water vapor was considered as a means of evaluating the transpirational 

behavior of a leaf, When a leaf is exposed to a THO vapor atmosphere, 

the leaf will gain THO, and it is presumed that any physical and 

physiological factor involved in this gain is similar to those in- 

volved in the loss of water vapor, An important built-in advantage 

to the use of THO is that the process of interchange of THO for leaf 

water results in a negligible temperature change. The process of 

the loss of water vapor, on the other hand, results in leaf temper- 

ature changes which consequently alters the values of D, Ci, and 
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Two approaches can be considered in the evaluation of equation 

611. An apparent diffusion coefficient of tritiated water vapor in 

the leaf (DTHO) can be evaluated such that D = D k, where Do is THO o 
the diffusion coefficient of THO vapor in air and k is a complexity 

factor which includes the,porosity of the leaf, the tortuosity of 

the diffusion path, and any interaction of the tracer molecules with 

the leaf water. Equation [I] can be used to define the gain in THO 

when the leaf is exposed to the tracer vapor as 

For this case A' is the actual leaf area, and L' is the half-thickness 

of the leaf. 

An alternative method when dealing with water vapor loss is to - 1 
define a resistance term such that R, cm min, = L/DA and, thus, we 

avoid the necessity for knowing both L and A in evaluating equation 

[l] By using this relation, equation [l] can be written as 

and as stated earlier, it is assumed that the measured R will be 
THO 

the same as R 

The total resistance to water vapor ldss in the transpiration 

process is made up of a series of different types of resistance, which 

by analogy to Ohm's law is additive. For the situation under con- 

sideration, these includesthe resistance of the layer immediately 

adjacent to the external leaf surface (R ), the resistance in the A 
stomata1 pore (R ), and the resistance in the mesophyll tissue %), 

S 
which in our case will be considered to be negligibly small in 

comparison to R and R Thus equation [3] can be written in the more 
A s 

inclusive form 
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PART I. EXPOSURE OF BLOTTER PAPER AND PLANTS TO THO VAPOR AND TEE 

MEASUREMENT OF EXCHANGE 

PROCEDURE : 

A t  l e a s t  four  d i f f e r e n t  types of chambers were designed and b u i l t  

s o  t h a t  t h e  p l a n t s  could be proper ly  exposed t o  THO vapor. D i f f i c u l t i e s  

encountered were problems such a s  leakage, improper a i r  c i r c u l a t i o n ,  

and hea t ing  of t h e  chamber a i r ,  a l l  causing poor r e s u l t s .  The f i n a l  

model was made from 1/4-inch p l e x i g l a s s  (20" wide x LO" deep x 20" 

high)  wi th  a 60 cfm s q u i r r e l  cage type  blower. The motor was mounted 

o u t s i d e  t h e  chamber and a d r i v e  s h a f t  arrangement provided t o  ope ra t e  

t h e  f a n  placed i n s i d e  t h e  chamber. The motor was equipped wi th  hose 

connections s o  t h a t  cool ing  a i r  could be forced  over t h e  motor c o i l s .  

The doors were made demountable and arranged i n  such a way t h a t  they  were 

clamped t o  t h e  chamber a g a i n s t  rubber gaske ts .  

I n  t h e  exposure procedure, t h e  b l o t t e r  was placed i n  t h e  chamber 

f o r  15  minute.^ t oge the r  wi th  100 cc  of t r i t i a t e d  water  contained i n  

an  ointment jar. The chamber was sea l ed  t i g h t  and t h e  blower a i r  

stream d i r e c t e d  over t h e  t r i t i a t e d  water.  Af t e r  t h e  m a t e r i a l s  were 

exposed t o  t h e  THO vapor, they  were analyzed f o r  THO us ing  t h e  techniques 

descr ibed  i n  t h e  Annual Report f o r  1960. 

Corn p l a n t s  were exposed t o  t h e  t r i t i a t e d  water  vapor i n  a s i m i l a r  

manner. I n  one s e t  of t rea tments ,  three-week o l d  corn p l a n t s  a t  s o i l  

mois ture  con ten t s  of 17.5 t o  19.2 percent  were t r e a t e d  wi th  0.02 per-  

cen t  t e r g i t o l ,  t e r g i t o l  + 0.001 M phenylmercuric a c e t a t e  ( a n t i t r a n s -  

p i r a n t ) .  S i x  p l a n t s  and s i x  moist b l o t t e r s  were p laced  i n  t h e  t rea tment  

chamber and exposed t o  t r i t i a t e d  vapor f o r  15 minutes.  Two s e t s  of 

experiments were conducted i n  t h e  greenhouse on two s e p a r a t e  days. 

Light  i n t e n s i t y  was 800 f t - c  and temperature a t  26 C. 

Concurrent wi th  t h e  s tudy  on t h e  e f f e c t  of a n t i t r a n s p i r a n t  on 

THO exchange, t h e  e f f e c t  of t h e  s o i l  mois ture  content  on THO exchange 
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was a l s o  i n v e s t i g a t e d ,  I n  t h i s  case,  t h e  s o i l  media of t h e  three-week 

o ld  corn p l a n t s  were brought t o  predetermined moisture l e v e l s  t h e  day 

p r i o r  t o  t h e  THO exposure e i t h e r  by withholding i r r i g a t i o n  o r  adding 

varying q u a n t i t i e s  of water.  P l an t  exposure t o  THO was f o r  15 minutes 

under s i m i l a r  condi t ions  descr ibed  i n  t h e  preceding sec t ion .  The 

same experiment was conducted, but  t h i s  t ime t h e  p l a n t s  were exposed t o  

t h e  THO vapor i n  t h e  dark. 

RESULTS AND DISCUSSION: 

The THO a c t i v i t i e s  of moist b l o t t e r  papers  exposed t o  THO vapor 

i n  t h e  s p e c i a l l y  cons t ruc ted  t reatment  chamber a r e  presented  i n  Table 

1. The a c t i v i t i e s  w i th in  a  r e p l i c a t e  and between t rea tments  a r e  

comparable. The r e s u l t s  f o r  t h e  THO exposure of moist  b l o t t e r  paper 

and corn l e a f  i n  which t h e  p l a n t  was t r e a t e d  wi th  t e r g i t o l  and phenyl- 

mercuric  a c e t a t e  a r e  presented  i n  Tables 2 and 3.  The a c t i v i t i e s  of 

THO i n  t h e  b l o t t e r s  were s i m i l a r  i n  t h e  d i f f e r e n t  t r ea tmen t s ind ica t ing  

t h a t  v a l i d  comparison could be made among t h e  d i f f e r e n t  exposures. 

S t a t i s t i c a l  a n a l y s i s  shows no s i g n i f i c a n t  e f f e c t  of t h e  a n t i t r a n s -  

p i r a n t  o r  t h e  t e r g i t o l  upon. t h e  amount of THO exchange under t h e  

experimental condi t ions  descr ibed .  

The da t a  f o r  t h e  THO exchange f o r  t he  corn p l a n t s  exposed t o  

THO vapor a t  t h e  d i f f e r e n t  water conten ts  a r e  presented  in Figure  1. 

The open c i r c l e  r ep re sen t s  t rea tment  d a t a  i n  l i g h t ,  and t h e  s o l i d  dot  

s i g n i f i e s  t rea tment  i n  t h e  dark. The THO a c t i v i t y  i s  presented  i n  

terms of t h e  pc per  u n i t  a r e a  of l e a f  s u r f a c e  which inc ludes  both t h e  

upper and lower su r f aces .  It i s  evident  t h a t  t h e  s o i l  water conten t  

has no e f f e c t  on t h e  degree of exchange between t h e  l e a f  water and 

e x t e r n a l  THO vapor under dark  condi t ions .  That exchange is  p re sen t  

i n  t h e  dark sugges ts  t h a t  t h e  stomates a r e  not  completely closed.  

There i s  a l s o  t h e  p o s s i b i l i t y  of some exchange occurr ing  through 

cracks i n  t h e  c u t i c l e  and t h e  c u t i c l e  i t s e l f ,  bu t  t h e  magnitude of 

t h i s  exchange cannot be assessed ,  

I n  t h e  presence of l i g h t ,  however, THO exchange between t h e  

atmosphere and t h e  l ea f  water  decreases  wi th  t h e  s o i l  water conten t .  

Apparently t h e  c l o s i n g  of t h e  stomates a t  t he  lower water conten ts  i s  
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r e spons ib l e  f o r  t h i s  behavior.  In. terms of s o i l  water p o t e n t i a l  (by 

us ing  t h e  s o i l  mois ture  c h a r a c t e r i s t i c  of t h e  s u b s t r a t e )  t h e  changes 

occur below t h e  one-bar mois ture  p o t e n t i a l .  Even by u s e  of c a r e f u l l y  

con t ro l l ed  environment and s e l e c t i o n  of p l a n t s  t h e r e  i s  g r e a t  v a r i -  

a b i l i t y  i n  t h e  r e s u l t s  f o r  t h e  l ight-exposed p l a n t s .  The leaves a t  

t h e  5 percent  s o i l  water conten t  and lower were badly wi l t ed  

(permanent w i l t  a t  3,6 percent  water conten t ) ,  and y e t  t h e r e  was 

measurable exchange occurr ing.  It i s  apparent  t h a t  t h e  stomates were 

s t i l l  p a r t i a l l y  open even a t  w i l t ,  

PART 11. EVALUATION OF DTHO AND RTHO* 

PROCEDURE: 

The amount of THO moving i n t o  t h e  l ea f  was measured a t  d i f f e r e n t  

t ime i n t e r v a l s  from 0.25 t o  30 minutes under condi t ions  where t h e  

vapor THO was i n  d i r e c t  contac t  wi th  t h e  l ea f  su r f ace .  I n  t h e  case  

of t h e  l i q u i d  THO treatment ,  t h e  three-week o l d  corn  l ea f  was immersed 

i n t o  t h e  THO s o l u t i o n  i n  a 250-ml graduate  cy l inde r  f o r  a predetermined 

time per iod ,  Sur face  mois ture  was wiped of f  t h e  l ea f  and t h e  l ea f  

water analyzed f o r  THO. The t r i t i a t e d  water d id  not  seem t o  wet t h e  

l ea f  su r f ace ,  Also, l i t t l e ,  i f  any, l i q u i d  THO was observed t o  c l i n g  

t o  t h e  l e a f .  These could be e a s i l y  removed by shaking t h e  leaf  

sha rp ly  o r  by absorbing i t  wi th  a s o f t  absorbent  paper.  The experiment 

was conducted a t  26 C,  both i n  t h e  dark and l i g h t  a t  s e v e r a l  d i f f e r e n t  

s o i l  mois ture  l e v e l s ,  Light  i n t e n s i t y  was 50 f t - c .  

For t h e  THO vapor t reatment ,  t h e  corn l ea f  was i n s e r t e d  i n t o  a 

1 1 / 2 " x  15" l u c i t e  cy l inder .  The t r i t i a t e d  vapor was r e c i r c u l a t e d  

through t h e  bubbler and t h e  cy l inde r  by a diaphragm pump a t  a r a t e  

of 200 c c  per  minute,  

RESULTS AND DISCUSSION: 

Typical  d a t a  f o r  THO a c t i v i t y  i n  corn leaf  exposed t o  l i q u i d  

and vapor THO a t  d i f f e r e n t  t ime per iods  a r e  presented  i n  Tables  4 

and 5, r e spec t ive ly ,  The d u p l i c a t e  samples compare favorably  wi th  

each o ther .  As expected, t h e  exchange of THO was g r e a t e r  i n  t h e  leaves 

exposed d i r e c t l y  wi th  t h e  l i q u i d  THO than  t h e  vapor,  Such d a t a  were 

t e s t e d  s t a t i s t i c a l l y  t o  s e e  whether t h e  nons teady-s ta te  o r  t h e  
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s t e a d y - s t a t e  condi t ion  a s  represented  by equat ion  [I]  was f u l f i l l e d  i n  

t h e  experiment. I n  t h e  t r a n s i e n t  case  a  l i n e a r  r e l a t i o n  should e x i s t  

between C / C  and tli2, and a l s o  t h e  curve should pass  through zero. 
0 

I n  t h e  s t eady- s t a t e  case., t h e  l i n e a r  r e l a t i o n s h i p  i s  f o r  t h e  t o t a l  

ga in  i n  THO a c t i v i t y  and t. The c a l c u l a t e d  d a t a  a r e  presented  i n  

Table 5. Data of columns 4, 5, and 6 showed a l i n e a r  r e l a t i o n  between 
1/2 C/Co  and t , however, t h e  n u l l  hypothesis  t e s t  (column 6) i nd ica t ed  

t h a t  t h e  l i n e a r  curve w i l l  not  i n t e r c e p t  t h e  o r i g i n .  The d a t a  of 

columns 7 ,  8, and 9 showed t h a t  t h e  experimental d a t a  f i t t e d  t h e  s teady-  

s t a t e  case. Thus, by a knowledge of t h e  r a t e  of ga in  of THO (El and 

t h e  THO vapor concent ra t ion ,  t h e  s tomata1 r e s i s t a n c e  R can be 
THO 

e.stimated us ing  equat ion  [ 3 ]  o r  [ 4 ] .  S u f f i c i e n t  d a t a  were n o t  a v a i l a b l e  

t o  make t h e  c a l c u l a t i o n  
'THO 

a t  t h i s  time. 

SUMMARY AND COMCLUSION: 

Three-week o ld  corn p l a n t s  were exposed t o  t r i t i a t e d  water vapor 

i n  a  c o n t r o l l e d  environment. Under dark cond i t i on  t h e  exchange was 

lower than  i n  t h e  l i g h t  and was a l s o  independent of t h e  water conten t  

of t h e  s o i l  m a t e r i a l .  The presence of exchange even i n  t h e  dark 

sugges ts  t h a t  t h e  stomates a r e  not  completely c losed .  I n  t h e  presence 

of l i g h t ,  t h e  amount of THO exchange decreased wi th  decreas ing  s o i l  

water content  and exchange occurred even when t h e  p l a n t s  were badly 

wi l t ed .  The q u a n t i t y  of exchange was d i r e c t l y  p ropor t iona l  t o  t h e  

exposure period.  

PERSOML: F. S. Nakayama 
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Table 1, THO a c t i v i t y  of moist b l o t t e r  paper exposed t o  THO water a t  
26 C f o r  15 minutes. 

B l o t t e r  
Rep l i ca t e  Sample To ta l  a c t i v i t y ,  
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Table 2. THO a c t i v i t y  i n  moist b l o t t e r  paper and corn l ea f  i n  which 
t h e  p l a n t  was t r e a t e d  with t e r g i t o l  and phenylmercuric 
a c e t a t e .  

P l an t ,  B l o t t e r ,  
Treatment T o t a l  a c t i v i t y  To ta l  a c t i v i t y  

Control  
(H20 = 19.1%) 

T e r g i t o l  
"I- 

Pheny lmercuric  
a c e t a t e  

(H20 = 19.2%) 

T e r g i t o l  
(H20 = 18.0%) 

Annual Report of the U.S. Water Conservation Laboratory



Table 3. THO a c t i v i t y  i n  moist b lo t te r  paper and corn leaf i n  which 
the plant was t reated with t e r g i t o l  and phenylmercuric 
acetate.  

Treatment 
Plant, 

Total ac t iv i ty  
- 2  

pc cm x 1 . 0 ~  

Blotter,  
Total a c t i v i t y  - 2  kc cm x lo4 

Control 1 6 . 3 3  
(H20 = 18.1%) 2  5e95 

Tergitol  1 
+ 

@ HgAc 
2 

(H20 = 17.5%) 3 

4 

Tergitol  1 
(H20 = 19.0%) 2 
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Table 4. THO activity in corn leaf exposed to liquid THO solution at 
different time periods. 

Time THO activity 
- 2 

PC cm x 10 4 
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Table 5, THO a c t i v i t y  i n  corn leaf  exposed t o  vapor THO a t  d i f f e r e n t  
time periods. 

Time, min C/C lo3 
0 

THO a c t i v i t y  
- 2 

cm lo4 
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Table 5. Summary da ta  f o r  l ea f  t r e a t e d  wi th  l i q u i d  and vapor THO a t  d i f f e r e n t  exposure periods.  

Trans ient  case  S teady-s ta te  case  

T r i a l  Experimental S o i l  Slope r "Student " Slope r "Student " 
condi t ion  water C /C t -2 -1 pc cm min t 

content  J==+ H: a = O  4 H: a = O  x 10 

A THO l iqu id ,  l i g h t  4.6 ,0275 .95 -2.715; ,331 ,99 1.01 
10.7 .0325 .96 -2.835; -384 .99 1.68 

$ B THO l i qu id ,  l i g h t  5.6 .0254 .94 -3.30** 1.28 .98 - .22 
I 
P 9.3 .0222 .96 -5.20** 1.04 .99 -6.61** 
n, 

C THO l iqu id ,  l i g h t  6.2 .0275 .96 -4.12** 2.08 .99 - .37 
15.2 ,0273 ,98 -6.12Jw; 1.77 .99 2.14 

D THO l iqu id ,  dark 5.2 .00991 .99 -7.63** .594 .98 1.34 
18.2 .01190 .96 -4.33** .760 .98 2.53* 

E TEEO vapor, l i g h t  4.8 .00129 .98 -3.50** .I11 .85 2.475; 
11.5 .00516 .98 -3.38* .696 .99 -1.93 
17.7 ,00666 -96 -4.33** -814 .99 -1.93 
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Figure 1. Exchange of t r i t i a t e d  water .vapor with corn leaf  i n  the  dark 

and l i g h t  under varying s o i l  water contents .  Annual Report of the U.S. Water Conservation Laboratory



TITLE: STOMATAL BEHAVIOR OF COTTON P M T S  UNDER CONTROLLED ENVIRONMENTAL 

CONDITIONS / 

LINE PROJECT: SWC 11-gG1 CODE NO.: Ariz.-WCL-34A 

INTRODUCTION: 

A more comprehensive p i c t u r e  of p l a n t  water exchange (WCL-34, 

Exchange of Water Vapor w i th  P l an t  Leaves and I t s  Re la t ion  t o  Stornatal 

D i f fus ive  Resis tance)  and water balance (WCL-29, Water Absorption, 

T ransp i r a t ion ,  and I n t e r n a l  Water Balance of Cotton P l a n t s  a s  Affected 

by Changes i n  Evaporat ive Demands) processes  can be a r r i v e d  a t  by 

a n  independent and r e l i a b l e  method f o r  determining s tomata l  behavior ,  

Thus, t h e  method can s u b s t a n t i a t e  o r  he lp  t o  exp la in  by experimental  

measurement r a t h e r  than  i n d i r e c t  i n fe rence  some of t h e  r e s u l t s  

observed p rev ious ly  i n  p lan t -so i l -water  r e l a t i o n s h i p s ,  A new technique 

has been descr ibed  by Z e l i t c h  (1) f o r  measuring s tomata l  ape r tu re s  

of tobacco p l a n t s .  The purpose of t h e  s tudy  was t o  i n v e s t i g a t e  t h e  

a p p l i c a b i l i t y  of t h e  method f o r  s tudying  the  behavior of c o t t o n  

stornates under c o n t r o l l e d  environmental condi t ions .  

PROCEDURE: 

Leaf impressions, A r ap id  s e t t i n g  s i l i c o n e  rubber compound was 

prepared by thoroughly mixing 5 m l  of a  rubber base (RTV-11, General 

E l e c t r i c  Co,) and 3 drops of c a t a l y s t  ( S i l i c u r e  T-773 o r  Nuocure 28, 

Heyden Newport Chemical Corp.). The p a s t e  m a t e r i a l  was spread over 

t h e  upper s u r f a c e  of t h e  l ea f  w i th in  40 seconds a f t e r  t h e  c a t a l y s t  

was added and allowed t o  harden on t h e  p l a n t  f o r  3 minutes,  Af te r  

s t r i p p i n g  t h e  hardened impression from t h e  l ea f  and dry ing  i n  a i r ,  

a  c e l l u l o s e  ace ta te -ace tone  mixture  was pa in ted  over t h e  rubber and 

allowed t o  dry.  The a c e t a t e  s t r i p  was placed on t h e  microscope s l i d e  

and s tud ied  under magni f ica t ion  of 600 and 1500 X. 

Stomata1 a p e r t u r e  index. The work of eva lua t ing  t h e  s i z e  of t h e  

s tomata l  a p e r t u r e  was s i m p l i f i e d  by s e t t i n g  up a  s tomata l  a p e r t u r e  

s c a l i n g  index a s  shown i n  F igure  1, The va lue  of 10 was des igna ted  

f o r  t h e  f u l l y  open and t h a t  of 0  f o r  t h e  f u l l y  c losed  stornate. The 

indexing was a r b i t r a r y  and gene ra l  geometric form was t h e  primary 

c r i t e r i o n  considered i n  t h e  s e l e c t i o n  of t h e  s c a l e .  A l e a f  impression 
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was observed with the microscope and each stomate assigned an index 

number and the average stomatal index value for the particular impression 

was calculated. 

Plant, Stomata1 impressions were made at varying intervals on - 
two sets (A and B) of 10-week old cotton plants (Fima S-2, long 

staple), Set A being exploratory in nature, Plants grown in 1/20 

Hoagland solution in the greenhouse were preconditioned for 24 hours 

in the Controlled Growth Chamber under 12 hours of light and dark, 

The experiments were conducted in the environmental chamber at 30 C 

under variable humidity and light conditions. 

The environmental conditions during the progress of the experiments 

were as follows: 

Set A 12 mb -+ 30 mb -+ 30 mb -+ 12 mb 

dark - light - dark - dark 

Set B 12 mb -+ 30 mb -+ 30 mb -+ 30 mb -+ 12 mb 

dark - dark - light - dark - dark 

RESULTS AND DISCUSSION: 

The results of the stomatal aperwre, measurements for the two 

sets of experiments are presented in Figure 2. The amount of chemical 

for making the impressions in Set A was limited so that fewer im- 

pressions were made in this series, In Set A a large increase in 

stomatal index value occurred when the light was turned on, The vapor 

deficit was changed from 12 to 30 mb at the same time but the final 

30 mb deficit was reached approximately 15 minutes after the initial 

light change. The responses in opening the stomates to light for these 

plants were rapid, Simultaneous beta ray gauging technique (WCL-26) 

on another plant showed a rapid change in leaf thickness when light 

was imposed on the previously dark adapted leaf. Similarly, trans- 

piration rate increased rapidly (WCL-29) in the change in environment 

from light to dark, The stomatal index measurements are thus further 

confirmation regarding the behavior of the stomates. The stomatal 

index decreased upon the onset of darkness, 
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The dimensions of t h e  f u l l y  opened e l l i p t i c a l l y  shaped s tomate 

from t h e  c e l l u l o s e  a c e t a t e  impressions a r e  12 y x 5 p, i n  t h e  major 

and minor a x i s ,  r e spec t ive ly .  

I n  Se t  B, t h e  s tomata l  index increased  s i g n i f i c a n t l y  i n  t h e  change 

from 12 t o  30 mb vapor d e f i c i t  even under t h e  dark  condi t ion ,  The be t a  

r ay  gauge a l s o  showed a n e t  l o s s  of l e a f  water ,  There i s  thus  an 

opening of t he  s tomates  dur ing  t h e  impos i t ion  of t h e  drying environ* 

ment upon t h e  l e a f ,  A good explana t ion  f o r  t h i s  behavior i s  l a c k i n  

a t  p re sen t  a l though t h e  s tomata l  behavior i s  appa ren t ly  r e l a t e d  t o  t h e  

tu rgo r  p r o p e r t i e s  of t h e  guard and accessory  c e l l s ,  The stomates 

opened f u r t h e r  when t h e  l i g h t s  were turned on and quick ly  c losed  when 

t h e  l i g h t  source  was removed s i m i l a r  t o  t h a t  i n  cond i t i on  A. 

SUMMARY AND CONCLUSIONS: 

The s i l i c o n e  rubber  impression technique was found t o  be u s e f u l  

f o r  eva lua t ing  t h e  s tomata l  a p e r t u r e  of c o t t o n  p l a n t s ,  A stomata1 

a p e r t u r e  index system was designed which was based on t h e  geometric 

shape of t h e  s tomate f o r  t h e  r a p i d  eva lua t ion  of s tomata l  a p e r t u r e  

of  t e s t  samples, Pre l iminary  s t u d i e s  on p l a n t s  grown under con t ro l*  

l e d  environmental condi t ions  ind ica t ed  t h e  a p p l i c a b i l i t y  of t h e  method 

f o r  expla in ing  some of t h e  water- loss  behavior of p l a n t s  dur ing  chan 

i n  l i g h t  and water  vapor d e f i c i t s .  I nc reases  i n  water- loss  r a t e  were 

a s s o c i a t e d  wi th  a n  inc rease  i n  t h e  s tomata l  a p e r t u r e  index, and, 

s i m i l a r i l y ,  t h e  decreases  t o  decreases  i n  t h e  index, 

REFERENCES: 

(1) Ze l i t ch ,  I, 

1961, Biochemical c o n t r o l  of s tomata l  opening i n  leaves ,  

Proc. N a t l ,  Acad, S c i ,  47:1423-1433, 
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Figure 1, Stomata1 scaling index for cotton stomates. 
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F i g u r e  2. Stornatal a p e r t u r e  index va lues  f o r  c o t t o n  p l a n t  under v a r i a b l e  

l i g h t  and vapor p r e s s u r e  d e f i c i t  c o n d i t i m s .  
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APPENDIX I 

ANALYTICAL LABORATORY 

PROGRESS : 

The work pcrfomed by the Analytical Laboratory during 1963 

included 950 chemical and physical analyses of 123 soil and 93 water 

samples, A breakdown of the analyses is given in Table 1. 

Table 1. Analyses performed by Analytical Laboratory 1963. 

Analysis Number of 
determinations 

Particle size 

a. Hydrometer 

b. Sieve 

Moisture characteristics 

a. Pressure cooker 28 

b. Pressure membrane 

pH and total salts 

Calcium and magnesium 

Sodium and potassium 

Carbonate and bicarbonate 

Chlorides and sulfates 

Cation exchange capacity 

Nitrates 

Surface area 5 

The operation of the Analytical Laboratory was suspended in 

November 1963. 

PERSONNEL: J. Bennett Miller, F. S. Makayama, R. D. Jackson 
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APPENDIX I1 
MANUSCRIPTS APPROVED AND PUBLISHED, 1963 

MS Number 

Bouwer, Herman, Theore t i ca l  e f f e c t  of unequal water 
l e v e l s  on t h e  i n f i l t r a t i o n  r a t e  determined wi th  
buf fered  cy l inde r  i n f i l t r o m e t e r s .  J .  Hydrol, ,  
Netherlands, 1 :29-34, 1963. 

Bouwer, Herman, The flow system below a water 
spreading bas in .  Proc., 5 t h  Cong. of I n t e r n a t l .  
Com., I r r i g .  & Drain., Tokyo, 1963. Quest. 18 ,  
(Pp. 18.89-18.106) 

Bouwer, Herman, and Rice, R.C. ,  Seepage meters  i n  
seepage and recharge  s t u d i e s .  J. I r r i g .  and Drain. 
Div., Proc. Amer. Soc. Civ. Engin. 89(IR 1):17-42, 
1963. 

Bouwer, Herman, In-p lace  measurement.of s o i l  
hyd rau l i c  conduc t iv i ty  i n  t h e  absence of a water 
t a b l e .  Proc. I n t e r n a t l .  Soc. S o i l  Mechanics and 
Found. Engin., 2nd Asian Region. Conf., Japan,1963. 
Vol. I, pp. 130-133. 

Bouwer, Herman, and Van Sch i l fgaa rde ,  J.,  S impl i f ied  
method of p r e d i c t i n g  f a l l  o f  water t a b l e  i n  dra ined  
land.  Trans. Amer. Soc. Agr. Engin., 6:288-291,296, 
1963. 

Bouwer, Herman, Appl ica t ions  of seepage meters .  Proc, 
Seepage Symp., U.S. Water Conserv. Lab., Tempe, Ariz .  
1963. USDA ARS 41-90 ( I n  p re s s ) .  

Bouwer, Herman, Theory of seepage flow systems. Proc, 
Seepage Symp., U.S. Water Conserv. Lab., Tempe, Ar iz .  
1963. USDA ARS 41-90 ( I n  p re s s ) .  

Bouwer, Herman, Measuring h o r i z o n t a l  and v e r t i c a l  
hydrau l i c  conduc t iv i ty  of s o i l  wi th  t h e  double-tube 
method. S o i l  S c i .  Soc. of Amer. Proc. ( I n  p re s s ) .  

Bouwer, Herman, and Rice,  Robert C . ,  S impl i f ied  
procedure f o r  c a l c u l a t i o n  of  hydrau l i c  conduc t iv i ty  
with t h e  double-tube method. S o i l  Sc i .  Soc. Amer. 
Proc. (Note). ( I n  p r e s s ) .  

Bouwer, Herman, Closure:  Analyzing ground-water 
mounds by r e s i s t a n c e  network. J. I r r i g .  & Drain. 
Div., Proc. Amer. Soc. Civ. Engin., 89(IR 2):89-93. 
1963. 

A I I - 1  
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Bouwer, Herman, L imi t a t ions  of Dupuit-Forchheimer 
MS Number 

assumption i n  recharge  and dra inage .  Proc., Symp. 
on Trans ien t  Ground-water Hydraul.,Colorado S t a t e  U. 
1963. 110 

Bouwer, Herman, and Rice, R.C., Seepage meters  i n  
seepage and recharge  s t u d i e s .  Trans.,  Amer. Soc. 
Civ. Engin. ( I n  p r e s s ) .  11 8 

Bouwer, Herman, Res is tance  network analogs f o r  
so lv ing  ground-water problems. Ground Water. 
( J .  of Nat l .  Water Well Assoc .) (In pres s )  120 

Bouwer, Herman, Discussion of "Seepage from 
t r apezo ida l  channels",  by E l  Nfms. J .  of Xngin. 
Mech. Div., Proc. Amer. Soc, Civ. Engin. ( I n  p r e s s )  121 

E h r l e r ,  William L., Water absorp t ion  of a l f a l f a  a s  
a f f e c t e d  by low r o o t  temperature and o the r  f a c t o r s  
of a c o n t r o l l e d  environment. Agron. J.,  55:363-366. 
1963. 80 

E h r l e r ,  W.L,, Van Bavel, C.H.M., and Nakayama, F.S., 
Water ba lance  of c o t t o n  p l a n t s  a s  a f f e c t e d  by sudden 
i l l umina t ion  i n  a c o n t r o l l e d  environment. Proc. West. 
Sec t .  Amer. Soc, P l a n t  Physiol . ,  P a c i t i c  Div. of Amer. 
Assoc. Advn, S c i , ,  S tanford ,  C a l i f . ,  1963. 101 

E r i e ,  Leonard J. ,  I r r i g a t i o n  management f o r  optimum 
co t ton  production. Proc. Beltwide Cotton Prod.-Mech. 
Conf., Da l l a s ,  Texas, Jan .  1963. Published i n  t h e  
Cotton Gin & O i l  M i l l  P r e s s ,  Jan .  19, 1963. Pp.30-32. 89 

E r i e ,  Leonard J. ,  and French, Orr in  F., I r r i g a t i o n  water 
management on saf f lower .  Presented,  Oilseed & Indus- 
t r i a l  Crops Res. B r . ,  Safflower Planning Conf., Tucson, 
Arizona, 1963. 6 pp., i l l u s .  (Mul t i l i t hed )  104 

F r i t s chen ,  Leo J . ,  Cons t ruc t ion  and eva lua t ion  of a 
min ia tu re  n e t  radiometer .  J. Appl. Met., 2:165-172. 
1963. 50 

F r i t s chen ,  Leo J . ,  and Van Bavel, C.H.M., Evaporation 
from shal low water and r e l a t e d  micrometeorological 
parameters.  J. Appl. Met., 2:407-411. 1963. 63 

F r i t s chen ,  Leo J.,  and Van Bavel, C.H,M., Micrometeor- 
o l o g i c a l  d a t a  handl ing  system. J.  Appl. Met., 
2~151-155.  1963. 67 

F r i t s chen ,  Leo J . ,  Condensation on sh ie lded  n e t  r ad io -  
meters.  J .  Appl. Met. 2:308-,310. 1963. (Note) 7 5 
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MS Number 

Fritschen, Leo J,, and Van Bavel, C.H.M., 
Experimental evaluation of models of latent and 
sensible heat transport over irrigated surfaces. 
Pub. No. 62, Internatl. Assoc. Sci. Hydrol. Sect., 
Com, for Evaporation, Internatl. Dnion Geod. and 
Geophys. Gen. Assembly, 1963. Pp. 159-171. 

Fritschen, Leo J., and Van Bavel, C.H.M., 
The energy balance as affected by height and maturity 
of Sudangrass. Agron. J. (In press). 102 

Harris, Karl, and Erie, Leonard J., Minimum tillage 
pays in the Southwest, (Subn~.l.t.ted for pub .) 107 

Jackson, R.ay D., and Taylor, Sterling A., 
Heat transfer. Chap. 26 of monog., "Methods of 
Soil Analysis", sponsored by Amer. Soc. of Agron. 
and Amer. Soc, for Testing & Mater. (In press). 3 3 

Jackson, Ray D., Porosity and soil-water diffusivity 
relations. Soil Sci. Soc. Amer. Proc. 27~123-126, 
1963. 64 

Jackson, Ray D., Temperature and soil-water diffusivity 
relations. Soil Sci. Soc. Amer. Proc. 27:363-366, 
1963. 7 7 

Jackson, Ray D.,Van Bavel, C.H.M., and Reginato, R.J., 
Examination of the pressure plate outflow method for 
measuring capillary conductivity. Soil Sci. 96:249- 
256. 1963. 86 

Jackson, Ray D., Nielsen, D.R., and Nakayama, F.S., 
On diffusion laws applied to porous material. 
USDAARS 41-86, 11 pp. 1963. 9 1 

Jackson, Ray D., Water vapor diffusion in relatively 
dry soil: I. Theoretical considerations and sorption 
experiments, Soil Sci. Soc. Amer. Proc. (In press) 105 

Jackson, Ray D., Water vapor diffusion in relatively 
dry soil: 11. Desorption experiments. Soil Sci. Soc. 
Arner. Proc. (Submitted for pub.) 

Jackson, Ray D., Water vapor diffusion in relatively 
dry soil: 111. Steady-state experiments. Soil Sci. 
Soc. Amer. Proc. (Submitted for pub.) 
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Kramer, P.J. ,  Biddulph, O., and Nakayama, F.S., 
Water absorp t ion ,  conduction and t r a n s p i r a t i o n .  
Chap. 17,  I r r i g a t i o n  Monograph, sponsored by Amer. 
Soc. Agron. (Submitted t o  E d i t o r )  

Myers, Lloyd E., P o t e n t i a l  low-cost t rea tments  t o  
reduce seepage lo s ses .  S o i l  Conservation (Sub- 
mi t t ed  f o r  pub.) 

Myers, Lloyd E., and Van Bavel, C.B.M., Measurement 
and eva lua t ion  of water t a b l e  e l eva t ions .  Proc.,  
5 t h  Cong. of I n t e r n a t l .  Com, I r r i g .  & Drain. ,  
Tokyo, 1963. 

Myers, Lloyd E., Water conserva t ion  - * -  a r e sea rch  
chal lenge.  J .  of S o i l  and Water Conserv., 18:31-34, 
1963. 

Myers, Lloyd E., Harvest ing p r e c i p i t a t i o n .  Trans., 
I n t e r n a t l .  Union Geod. & Geophys. Gen. Assembly, 
Berkeley, C a l i f . ,  1963. 

Myers, Lloyd E., The conserva t ion  and b e n e f i c i a l  u se  
of water ,  Proc.,  7 th  Ann, New Mexico Water Conf., 
1962. 

Myers, Lloyd E., Water ha rves t ing  by catchments.  
Proc., 7 th  Ann. Watershed Symp., Phoenix, Arizona, 
1963. 

Myers, Lloyd E., Discussion:  Water ha rves t ing ,  by 
H . J .  Geddes. Proc., Nat l .  Symp. on Water Resources,  
Use and Management, Canberra,  A u s t r a l i a ,  1963, 

Myers, Lloyd E., Discussion:  The ga in ,  t r a n s f e r  and 
l o s s  of so i l -wa te r ,  by J . R .  P h i l i p .  Proc. ,  Nat l .  
Symp. on Water Resources,  Use and Management, 
Canberra, A u s t r a l i a .  1963. 

Myers, Lloyd E., Discussion:  Aus t r a l i an  po l i cy  f o r  
hydrologic  educat ion,  by C.H, Munro. Proc., Nat l .  
Symp. on Water Resources,  Use and Management, 
Canberra, A u s t r a l i a ,  1963. 

Nakayama, F.S., and Jackson, R.D., Di f fus ion  of 
t r i t i a t e d  water i n  s o i l s .  S o i l  S c i ,  Soc, Amer. 
Proc., 27:255-258. 1963. 

MS Number 

9 2 
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MS Number 

Nakayama, F.S., and Van Bavel, C.H.M., 
Root a c t i v i t y  d i s t r i b u t i o n  p a t t e r n s  of sorghum 
and s o i l  mois ture  condi t ions .  Agron J , ,  55:271-274, 
1963. 79 

Nakayama, F.S., and Jackson, R.D., D i f fus ion  of 
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